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INTRODUCTlON 
Approxima t e l y  15-20 x 1010 tons of o rzani c p l an t  subs t ance i s  
produced on e a r t h  p e r  annum . Hal f of t h i s  ma t e r i a l i s  c e l l ul o s e  (95). 
Much of thi s c e l l ul o s ic ma t e r ial i s  h i ghly res i s t an t  t o  b r e ak down d ue 
to o t he r p l an t  compone n t s  s uch as l ignin and h em icel l u l o se wh ich 
toge t he r  w i th t he c e l l ulo s e  cont ribut e t o  t he s t ruc t ural  in t egri t y  of 
the p l an t s  (58) . Th us the s e  ma t e r i al s f ind r e l a t ive l y  l imi ted u s e s  in 
comp a r i s on t o  the i r  abund ance . Cel l u l o s ic ma t e r i a l s  a re u t i l i z e d  by 
ruminant s  as an en e rgy so u r c e  and in l umb e r  and p ul p ing app l i c at i on s  
b u t  commerc i a l  c e l l ulo s e  p ro c e ssing  t o  p roduce gl ucos e  o r  g l uc o s e  
d erived p ro d uc t s  i s  no t cur ren t l y  p e r f o rme d . 
The ab und anc e  o f  c ellul o s ic mat e r i als  make t h em a t t rac t i v e  as 
a cheap s ub s t r a t e  for indus t r i a l  appl i ca t ions . Howeve r ,  t h e  conve r s ion 
o f  the s e  ma t e r ia l s i s  great ly l imi t e d  by o t he r p ro t e c t i v e  c on s t i t ue n t s 
such as  l i gnin and h e mice l l ul o s e  (65, 77) and b y  t h e  a r r angemen t o f  the  
cellu l o s e  mo l e cul e s  t h ems e lves (20, 90). 
I n  the p a s t , p roce s se s  f o r  hydrolys i s  o f  c e l l u l o s e  have b e en 
p r imarily b a s e d  upon t h e  us e o f  aci d s  (105, 131). The s e  p ro c e s s e s  
p roved t o  b e  une conomica l . Mo re r e c e n t  me tho d s  have con c en t ra t ed on 
1 
th e use o f  microb i al c e l l ul as e s u sual ly in conj un c t i o n  w i th p r e t rea tment 
of the c el l ul o s i c  ma t e ri a l s .  The advan t ag e s  o f  the e n z yma t ic me th ods  
l i e  in the mod e r a t e  t emp e r a t ur e s  f o r  conve r s i on , t h e  nonc o rros ive n a t u r e  
o f  t h e  p roces s and q uan t i t a t i ve conv e r s i on t o  the  d e s i r e d  end p ro d uc t -­
gluco s e  (5). 
2 
The best microbial cel lulase p r o d  u c e r i s  t h e 
fungus Tricho de rma reesei ( 70 ) . Trichode rma reesei mutant s t rains 
hyperp roduce a comp l e te cellulase complex capable of a t tacking cry s t al­
l ine cel lulose and reducing it to  glucose ( 70 ) . The T .  rees e i  cellulase 
comple.x is composed o f : S-1 , 4-glucan cellob iohydrolases , endo 1 ,  4-S ­
glucan g lucanohyd rolases and a S-glucos idase ( 135 ) . 
Produc tion o f  T .  reesei cellul ase is convenient ly accomp l ished 
in aerated , submerged cul ture ( 6 3 ) . Trichoderma reesei  fermen tations 
on cellulo se s ub s t ra t e  go thro ugh a drop in pH wifu a sub se quent  rise at 
the end o f  the fermentat ion ( 118) . The rise in pH can b e  us ed as a 
general indicator o f  when to harve s t  the enzyme . Op timum yie lds o f  
en zyme require that the acidic phase of  the ferment a t ion b e  maint ained 
between pH 3 . 0  to 3 . 5 (118) . Y ields ( in units activi ty/ml )  of enzyme 
increase with an inc rease in the cellulose level employed in the produc­
tion medium ( 1 2 0 ) . The maximum level is approximately 8% w/v ce llulos e .  
Vis cos i ty i s  a prob lem in media greater than 8 %  w/v . 
The cost o f  enzyme production is the l imi t ing f actor  for an 
enzymatic conversion process . The sys t em o f  Wilke , Yang and Von S t o ckar 
(134)  resul t e d  in an enzyme produc tion cost  of $0 . 05-$0 . 06 / lb .  of  
gluco se p roduced or  about 60% of  the cost o f  production . Optimization 
o f  cellulase p roduct ion systems for increas ed yields are there fore o f  
paramount importance to reduce t h e  cos t  of  enzymat ic cel lulose conver­
s ion . 
Increased yields and produc t ion rates of  cel lulase have b een 
repo rted for the use of various add i t ives to the p roduc t ion meqium (41, 
96 , 106) and from advanced cul ture techniques such as continuous 
processes (34 , 8 3 ,  1 0 0 ) . Thi s  s t udy involves the production of I· 
reesei cellulase i n  a rud imentary prod u c tion system employing used 
dairy equipment. The potential for enzyme stimulation by ad dition of 




Sources and Quantit ies of Cellulose 
Cel lulose is the wo rld's mos t abundant organic compound , 
annually replenished and represent ing a vas t natural resource ( 2 1 , 45 , 
6 5 ) . The mos t  abundant natural sources o f  cellulose, in descending order 
o f  magni tud� are : 1 )  the s tems of  woody angiosperms or  hardwoods , 
2 )  the s tems of  woody gymnosperms or  s o f twoods , 3 )  the s tems o f  monoco­
tyledons or gras ses , 4 )  the non-lignif ied p arenchyma cells of mos t  
le aves , and 5 )  certain non-l ignif ied o r  partially l igni fied f ib e r  s uch 
as the seed hair of  co t ton and bas t  fiber of  f l ax ( 2 1 ) . The general 
composition of hardwoods is  40-55% cel lulo se , 24-40% hemicellulose , and 
8- 25% l ignin . The s o f twoods are similar wi th a cellulose conten t  o f  
45-50% , hemicellulose o f  25-35% , and lignin from 2 5-35% . G ras ses such 
as bamboo , whe at , rice , e t c . are 25-40% cellulose , 25-50% hemice llulose , 
and 10- 30% l ignin . The non- l ignif ied parenchyma cell s  o f  leave s are 
15- 20% cellulose , wi th 80- 85% p ectin and hemicellulose . Co t ton and bast 
f iber are 80-90% cellulose , 5- 2 0% hemicel lulose , and l i t t le o r  no 
l ignin . The bulk o f  available cellulose in nature is derived f rom the 
hardwoods , so f twoods and grasses and is thus heavily l ignif ie d  material 
( 2 1 ) . 
Cellulos ic materials are available in many forms in na ture and 
in many more fo rms of  p ro cessed materials such as newsp aper , sawdus t, 
pulp· slurries and residue , e tc .  (4 , 5 ,  2 1 ) . Much of the ma terial is 
cons idered was te , f ind ing l i t tle ind�st rial use and , in some cases , 
rep resenting a disposal p rob lem (86 ) . Proj ections of the MITRE , Corp . 
5 
t o  1 9 85 e s t ima t e  U . S .  t e r re s t ri a l  b i omas s  re s o urce s o f  c e l l u l o s e  as 
r e s i d ue to be app roxima t ely 681 m i l l ion t ons in d ry t on e quiva l e n t  (DTE ) 
( 1 30 ) . Sub d i v i s ions o f  th i s  ma t e r i a l  inc l ude f o r e s t  r e s i d ue ( 1 7 5 . 4  
mi l l i on DTE ) , m i l l r e s i d ue ( 2 8  m i l l i on DTE ) and a g r i c u l t u ra l , s i l vi ­
cul t ure a n d  c ro p  res i d ue (4 7 7 . 6 mi l l i on DTE) ( 1 30 ) . 
Co l l e c t i o n  me thods r e f le c t  the t rue avai l ab i l i ty o f  t h e s e  
ma t e rial s f o r  po t e n t i a l  use . Fo r examp l e , o f  t h e  approxima t e ly 4 7 7  
mil l i on DTE o f  ag r i c u l t ur a l  re s id ue , app roxima t e l y  7 8  mi l l i on DTE i s  
e s t ima t e d  a s  us ab l e  v i a  c u r ren t col l e c t i on me thod s ( 1 2 7) .  N i ne t y  p e r­
cent  o f  t h i s  ma t e r i a l  r e s u l t s  f rom corn re s i d ue and sma l l  gra i ns c rops 
whe re h a rves t me thod s p e rmi t c o l l e c t i on ( 1 2 7 ) . Ove r  one-half o f  t h e  
gros s U. S. p ro d u c t i on o f  p ape r a n d  pape rboard wh ich i s  r e cy c l ab l e  b u t  
no t r e cove r e d  r e s ul t e d  a s  was t ep a pe r in 1 9 7 3  ( 1 2 1 ) . Wi t h  p rope r c o l l e c ­
t ion and s e p a r at i on me t h o d s  th i s  ma t e r i a l  ( 3 3  mi l l io n  t ons ) rep r e s e n t s  
ano t h e r  po t e n t i a l  c e l l ul o s e  s o ur c e . 
When c e l l ul o se i s  hy d r o l y z e d  to  i t s  bas i c  cons t i t ue n t , g l uc o se , 
many po t e n t i a l  us e s  evol ve . P ra c t i ca lly a l l  comme r cia l mi c rob i a l f e r­
men t a t ions us e g l u c o s e  f o r  s u ch p ro du c t s  a s  s ing l e  c e l l  p ro t e i n , 
a l c ohol , c i t ri c  a c i d , g l u c on i c  a c i d , a s c o rb i c a c i d , e t c. ( 5 , 1 0 3) . 
Ce l lu l o s e  S t ruc t ure and Chemi s t ry 
Ce l l ul o s e  c omp o se s t he ske l e t a l  cons t i t u t i on o f  a l l  h i gh e r  
p lant s  (45). I t  i s  the p r in c ip l e  c omponen t  o f  the c e l l  wa l l s  o f  wo o d  
( 16 ) . The p u re s t f o rm o f  na t ive c e l l ul o s e  o c c urs  i n  the s e e d  h a i r o f  
c o t ton ( 16 , 4 5 , 5 8 , 1 0 9 ) . When raw co t t on unde rgoe s l i g h t  t re at me n t  
w it h  d ilut e  a lk a l i ,  i s  wash e d  and b le a ched , t he re s id ue c o ns i s t s o f  
6 
almos t pure cellulose . · Because of  this co t ton serves as a ref erence 
material f o r  cel lulose inves tigations (16) . The ma terial resulting f rom 
rigorous ly puri f i ed wood is essentially identical to cot ton in  chemi cal 
nature ( 16 , 5 8) . 
Cel lulos e is  a l inear polymer of anhydro-D-glucose in e-1 , 4  
l inkage (16 , 58 , 10 1 ,  109 , 131) . The leng th of cellulose molecules in 
a f iber varies over a wide range f rom lambda-cellulose , containing less 
than 15 g lucose uni ts , to alpha-cellulose with as many as 10 , 000-14 , 000 
gluc ose uni ts /molecule (21) . Alpha-cellulose is alkali resis tant ce llu­
lose and corresp onds q uanti tatively to pure cellulose ( 13 1) . We shall 
be concerned wi th alp ha-cellulose in this p aper . 
The molecular weight of native cellulose i s  > 1 . 5  x 1 06 ( 2 1 , 5 8 , 
109) . B.rowning (16 ) points out that the term " cellulose " is  used with 
two dis t inc t meanings : 1) as a chemical def ini ti on as described above 
and 2) in a generic sense to describe prepara tions ( exi s ting or po ten­
tial) in which the p rinciple and common cons t i tuent is def ined according 
to the first  interpre tation . Cellulose in na ture ex i s ts in various 
s ta tes of  pur i ty f rom 9 0 %  f or cot ton to  about 45% of  typ i cal wood cel l  
walls (20) . Analy tically , cellulose can be dis tinguished f rom o ther 
cons tituents by : 1 )  i ts insolubility in wa ter and organi c s olvents , 
2 )  f rom hemicelluloses by i ts insolubility in aqueous alkaline solutions 
and 3) f rom lignin by i ts relative resis tance to oxidi zing agents and 
suscep tibil i ty to hydro lysis by acids (16) . 
In the cellulose chain mole.cule , the anhydroglucose uni t s  adop t 
the chair conf ormat ion wi th the hydroxyl group s in the equatorial and 
the hy d r ogen atoms in the axi a l  positions ( 9 5 , 101 ,  1 0 9) . Every other 
chain un it is  rota t e d  180 de gre e s  aro und the main axi s ( 10 9) . Th i s  
r e s ul t s  in an uns t raine d l inear c on f igura tion , minimi z in g  s t e ric  hin-
d r an ce (10 9 ) .  It has been fo und that the hyd roxyl gro up of carbon #3 
forms an intrachain bond wi th the ring oxygen o f  c arbon #5 of the next  
g l u c ose uni t  (Fig. 1)  ( 9 0, 95,  101 , 109) .  
Figure 1 .  Cha i r  conf o rma t i on of anhyd roglucose  un i t s  in ce l l u lose 
po l yme r (S- 1 , 4  glyc o s i d i c bond ) . ---- deno t e s  intrachain 
hy d rogen bonding . 
7 
The cellulose  mo l e c ul e i s  th re ad- l ike , exi s t ing as f ib r i l s  which 
are o rg an i z e d  bundl e s  o f  par a l l e l  c e l l ul ose chains ( 5 8 , 9 0 , 9 5, 101 , 
10 9 ) . The mol e c u l a r  a r r a ngeme n t  of  the f ib r i l s  by in t e r ch a in hyd rogen 
bonding is h i ghly o rde red . An x- ray d i f f rac t i on pa t t ern i s  ob t ainab l e  
f o r  this highly o rd e r e d  o r  crystalline cellulose (16, 9 0 , 95, 101 , 10 9 ) . 
The s t r u c t u re o f  the n a t i ve cellulose micro f ib r i l s  and their 
s ize i s  subject t o  controversy. Seve r a l  mod e l s  e xi s t  ( se e  Fig. 2) .  
Acco rding to Ranby (90), the microfibril consists of a rectangular 
cross section with a c rys t al l ine cor� resulting f rom the o r i ent a t i on o f  
the mi c ro f ib ri l  with their l a t t i c e pl anes we l l  a l i gned p a ra llel wi t h  
the f l a t  surface of t h e  l ame l l ae , re f le c t in g  the tangen tial pl ane of 
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Figure 2 .  Mod el s  o f  mi c r o f ib r i l  ar rangemen t . 
(A) Ranby--c ro s s  
s ec ti ona l view ( 9 0 ) ; (B) Pres t on and C
ronshaw--cro s s  
s ec t i on a l  vi ew ;  (C) Hes s ,·Mahl and Gu
t t er--p ers p ect ive; 
and ( D) Manl ey . ( Red ra wn f rom Ranby 
[9 0] and Cowl i ng and 
Brown [20j). 
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the cell wall or membrane where they occur. This, according to Ranby, 
is the preferred orientation of the microfibrils. The surface layer 
surrounding the microfibrils is disordered to display a natural dis­
continuity that occurs on the surface layer of the microfibrils. This 
orientation effect was first found by x-ray diffraction and confirmed 
by infrared absorption measurements. Further, this model portrays the 
microfibrils overlapping or extending into one another. No preferred 
number of fibrils (and therefore size) is noted for the microfibrils 
( 9 0 ) .  
A somewhat similar model is proposed by Preston and Cronsllaw as 
reviewed by Cowling and Brown ( 2 0). This model projects a rectangular 
cross section with the crystalline core surrounded by a paracrystalline 
or amorphous outer region. The amorphous region is the area of occur­
rence for hemicellulose and lignin. A microfibril size of 5 0  x 1 0 0  
Angstroms is proposed (2 0 ) . 
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Cowling and Brown ( 2 0 )  also reviewed the two following models of 
Hess, Mahl and Gutter, and that of Manley. 
In the Hess, Mahl and Gutter model, the microfibril displays 
packets of elementary fibrils containing 15-40 cellulose molecules. 
The fibrils are segmented linearly into regions of crystalline and 
amorphous areas, thus displaying regions of less well ordered cellul se 
molecules along the length of the microfibril. The cross sectional 
dimension is a minimum of 35 Angstroms in this model ( 20 ) . 
The final model for consideration is that of Manley in which 
the microfibril is a flat helix where the cellulose chains are folded 
to form a flat ribbon which is wound spirally. Upon mechanical 
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disrup tion the helix col lapses to a flat ribbon ( 2 0 , 90 ) . The infrared 
spectra for  in terchain hydrogen bonding does no t suppor t a he lical 
model nor does the densi ty of the f ibe r wal l  agree wi th a cylindrical 
he li cal model ( 2 0 ) . Manley indica tes that the hel ix may be def ormed to 
mee t these requirements by f lattening of the helix . The f o rces required 
to accomp lish this are dis counted by Ranby as unlike ly to oc cur . A 
microfib ril diame te r  of 30-40 Angs troms is p rojected f or this mode l 
( 20 , 9 0 ) . 
Native cellulosic materials contain o ther cons ti tuents such as 
hemicellulose , lignin , waxes , pec tin and certain nitrogenous subs tances 
( 2 0 ) . In c o t ton these materials occur in the cu ticle and p rimary wall 
layers . In wood these materials may extend to the middle lamella , 
decreasing in quanti ty towards the inner layer { 2 0 ) . Hemicellulose 
con tent in wood varies from 20-40% ( 2 1 ) . The principal c omponen t in 
hemi cellulose is D-xylan , polymers of D-xylose in S-1 , 4  configuration 
wi th side chains of arabinose , mannose and galactose ( 2 0 , 5 8 , 131) . 
Lignin is a complex , three dimens ional polymer formed from 
p-hydroxycinnamyl alcohols ( 20) . The compos i tion varies according to  
source and is fur ther complicated by covalent bonding to cer tain hemi­
cellulose {_20 , 131) . Lignin in plan ts is an almos t insolub le subs tance 
( 2 0 ) . I t  is  isola ted by hydrolys is wi th acids or  oxidative degradation 
of all o the r componen ts in wood , the resul t ing inso lub le ma terial be ing 
lignin (131) . Material f ree of lignin is termed "hol ocel lulose . "  The 
term "lignin" refers to a mixture of. substances that have similar 
chemical composi t ion but may have s truc tural differences . The aromatic 
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nature of lignin has been es tablished ( 13 1 ) . Lignin is located p r inci-
pally in the layer of mater ial be tween individual wood cells cal led the 
middle lame lla ( 15 ) . This is impor tant when considering extrac tion and 
conversion of cel lulose .  
Cel lulose Treatmen ts and Processes 
As stated previously , the compos ition of  various cellulosic 
ma terials varies widely wi th regard to s ource and treatmen t . Typ ical 
pulped produc ts such as newspaper and munic ipal solid was te are approx-
ima tely 60- 7 0 %  cel lulo se ( 2 7 , 65, 134 ) . Raw or untreated sprucewood is 
41% cellulose wh ile processed or bleached spruce sulphi te is approxi-
ma tely 85% cellulose ( 1 28 ) . The degree of pretreatment inf luences the 
accessibi li ty of cel lulose to hydrolyz ing processes (25, 56, 65, 66, 7 7 , 
7 8 , 95, 99, 1 2 6 ) . The pretrea tment of cellulose or cellulosic  materials  
deals primarily wi th factors preventing exposure of cellulose to the 
hyd rolyzing agen t . These f ac tors are lignin and hemi cel lulose which 
seal the cellulose f rom the hydrolyz ing agent and , the crys tal line , 
highly ordered cellulose whi ch in i tself is inaccess ible (90) due to its  
s tereochemis t ry . Generally , t reatmen t wi th vari ous acids , bases or  
metal-amine comp lexes , in combination with extensive mi ll ing and hea t , 
result in the removal of the layering componen ts . In addi tion, upon 
hydroly sis crystalline cel lulose swells disrup ting i ts highly ordered 
arrangemen t  crea ting areas of accessib i l i ty for breakdown into i ts con-• 
s t i tuents (4, 5, 15, 4 4 , 51, 56, 98, 105, 109 ,  1 26). The nature of the 
swelling ac tion i s  a resul t no tab ly bf the alkali agent breaking uronic 
es ters func t ioning as cro s s links in layering substances such as xylans 
(126). The cellulose i tself swells in aqueous sod ium hydroxide .  The 
swe ll ing is a transformation f rom Cellulose I to Cellulose I I  due to 
in trami cellar and intermicellar swell ing (109, 126). Cellulose I is 
the native , highly o rde red crystalline cellulose exhibi t ing s trong 
hydrogen b onding and thus inaccessibil ity . Cellul ose II is the resul t 
of alkali (15% sodium hydroxide ) t rea tment , washing and sub s eq uent 
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d rying of Cellul ose I (109, 131). Cellulose II refle c ts greatly weakened 
hydrogen bonding and thus a shift  in the bond ang les of the micelle 
(109) . Tarkow and Fe i s t  (126) in their work w i th hardwoods treated w i th 
alkal i rep o r ted tha t the re sulting material exhib i ted greater water 
sorb tion , lesser tens i le st reng th when we t and greater acce s s ib i l i ty of 
the cellulose chains . Although alkali treatment results  in i ncre ased 
reac tivi ty of  cellulos e ,  i t  is incapable of completely s olub i l i zing 
cellulose (109). The change in the cellul ose as a result o f  d ilute 
alkali treatment occurs w i th li tt le l oss  in weight (126).  
Pulp Processes . The proces ses utilized in pulp and p apermaking 
are primari ly concerned w i th ob taining a comparatively h igh con ten t of  
cellulose in the final p roduc t (15, 131) . Therefore , me thods invo lved 
are bas ically d i rec t ed at the removal of lign in and hemi celluloses . 
Sulf ite , alkaline , mechanical and chemi-mechanical me thods are used 
(15). In add i t ion to  removal of lign in and hemi cel luloses , these 
proces ses modify ce l lulose f ibers re sul ting in inc reased specific  sur­
face , degree of  swe l ling , and flexibility (15). The c onversion of 
p ulped materi al in gene ral� and especial ly that material res ul ting f rom 
Nicolet sulfi te pulp (s ulfurous acid agent ) and f rom Kraf t pulp (caus tic  
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and sodium sulfate agents) , have been shown to be excellent for expos ing 
cellulose to hydrolyzing agents (4 , 5 ) . 
Various methods of  physical and chemical t reatment s  are used to 
aid in or  directly reduce cellulose to glucose . Me thods s uch as acid 
hyd ro lysis , alkaline d egradation , irradia tion , the rmodegradat ion , ball 
mi ll ing , e tc . are p rominen t among the me thods inves tigated . Bikales 
and Segal (14) p rovide an excellent review of several of  these p roces ses . 
Millet , Baker and Sat ter ( 72 )  conc luded tha t the mos t  success ful tech-
niques for e ff ec t ing dras tic crys tall ine disrup tion of cellulose were 
electron irradiat ion and vibratory ball mil ling . These authors a ls o  
no ted the impractical i ty of the se two me thods of  p re treatment due to 
the high energy input demanded . 
Ac id and Alkal i Processes . Of the chemical me thods for  e i ther 
pre treatment or for d i rect conversion to glucose , acid hydrolys is and 
alkal i degradation have received the mos t  a t tention . 
Ac id proces ses for conversion are gene rally preferred over 
alkaline me thods due to  the degradation produc ts of  the l a t ter whi ch 
resul t in f ur ther comp lication of a sys tem based on these techniques 
(4 4 ) . No tab ly , alkali ( sodium hydroxide ) processes resul t in high 
organic acid con tent . Alkali processes also limi t conver s ion capab ility 
by chain s tab ili zation ( 9 8 ) . Alkali treatment s do , how ever ,  d isp lay 
high p oten tial when used as a pretreatmen t pro ces s for the exposure o f  
ce llulose and removal of hemicellulose ( 2 5, 63, 65, 126). 
Add hydrolysis  techniques result in similar p roblems , but no t 
nearly as extens ive . The main degradation produc t is  fur fural f ormed 
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f rom the pentose sugars of  the hemi cellulose (44, 105, 131) . The mode 
of hydrolysis  (addi t ion of  w ater to spli t the glycosidic bond ) o f  
:cllulose b y  acid is  the protona tion of the glucose molecule (44, 105 ,  
131). The rate o f  hyd rolysis  of  the glycos idic bond at  the nonreducing 
end of the cel lulose chain is 50% higher than that of the b ond at the 
reducing portion (44) . The amorphous ce llulose in an acid hydro ly s i s  
is hydroly zed fi rs t and at a much more rapid rate than c rys talline 
cellulose . Crys tall ine cellulose is  hydrolyzed slowly but l inearly 
thereafter (44, 105, 131) . 
I t  is  believed that the s tereochemistry of  the crys t al line 
region ,  as we ll as the mi crofibril conf ormation , play a part in the 
kinetic s  of crystalline cellulose hydrolysis  (29,  44). The review by 
Sharples (105) points out tha t physical abnormalities ( due to mechanical 
or chemi cal pretreatments) increase the acces sibili ty of  crys talline 
cel lulose and ass i s t  hydrolysis . 
Wen zl (131) describes the use o f  supersaturated (42-45%) hydro­
chloric acid in a cons ecutive action type of cellulose hydroly s i s . 
Firs t concent rated acid is used and recovered , then a dilute acid hydrol­
ys is is performed by boiling in water . Yields f rom thi s  me thod re sulted 
in 61% conversion to g lucose wi th 76% of  the to tal c arbohydrate content 
of the wood recovered in the form of a 30% solution of  s imp le sugars . 
Hemicellul ose degradat ion p roduc t s  were no ted as a d i s advant age to thi s  
me thod . Wenzl fur the r no tes that due t o  these degradat ion produc t s , 
the reverse p rocedure of the above me thod is  preferred , that is , to 
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re move the he mic e l l u l os e  p r i o r  t o  c r ys t al l ine hyd r o l ys is us ing the 
s up e r s at ur at e d  ac i d . Hyd ro l ys i s  of  wood wh i ch has not bee n  d e l i gn i fi e d  
i s  inhi bi t e d  b y  t he c oa t i ng o r  s e a l i ng a c t i on o f  l i gnin ( 131) . 
Dil u t e  ac i d  hyd ro l ys i s  i s  a mo re e co no mi c al t yp e  of  s ys t em 
b e c ause o f  lowe r  e quipment cos t s and l e s s  neu t ral i z a t i on i s  re q u i re d .  
Howeve r, p i lo t  s tudi e s  of d i l ut e  ac i d  hyd ro l ys is me t hod s h ave re s u l t e d  
i n  low s ug a r  yie l d s  and coul d no t b e  ope r ate d  e conomi cal l y  ( 1 0 5 , 131 ) . 
Two b as i c  p rob l e ms are i nhe rent in t he ac i d  hyd ro l ys is o f  c e l l u l o s e :  
1 )  p o o r  conve r s i on yie l d s  of glucose re sul t whe n  conve nie nt d i l u t e  ac i d  
so l u t io ns are e mp l oye d  and 2 )  s t ro nger  ac i d  s o l u t i ons re s ult i n  h i ghe r 
conve r s i o n  t o  s ug a r  b u t  req u i re s  exp ens i ve ne ut r al i z a t i on p ro c e d u re s  
and cons i d e rab l e  s ug a r  deg r ad a t i on o c curs ( 1 05) . 
Re cen t l y,  ac id hyd ro l ys is p ro c e s s e s  e mp lo yi ng e x t rude r s  h av e  
b een rep o r t e d  f o r  t h e  c onve r s i o n  of c e l l u l o s e  t o  s ug ars ( 2 4 ,  87 , 112 ) . 
The e x t r us i on p ro c e s s e s  emp l o y  high t e mp e r a t ur e s , hi gh s he a r  and d i l ute 
aci d  concent r at i ons ( approxima t e l y  1% ) .  Ce l lulose  t o  s ug a r  c onve r s i o n  
yie l d s  a r e  comp arab l e  t o  t h e  a c i d  p ro c e d ure de s c rib e d  b y  We n z l  ( 1 3 1 ) 
however the e xt r us i o n  p r o c e s s  r e s ul t s  in a much l owe r c o nc e nt r a t io n  of  
s ug ar i n  the f in al p ro d u c t  ( 12 %  s ug a r  vs . 30% s u gar) . 
So lvent P ro c e s s e s .  Nume rous solve nt s  are c ap ab l e  of s o l ub i l i z ­
ing ce l l ul os e . The s e  s o lven t s  r ange f rom me t al -amine c omp le xe s  
invo lving c ob al t ,  zinc, nicke l  and c admi um ,  t o  met al -alka l i c omp le xe s  
con t aining c op p e r, iron o r  n ic ke l  (5 1 ) . Jayme ( 51) has revie we d  th e 
use of t he s e  s olvent s ,  one o f  whi c h--c ado xen--has re cently r es u r f ace d 
as having grea t  p otent ial in c e l lulose conve rs i o n .  The p roce s s · i s  
c ommonl y r e f e r red t o  as the T s ao p roce s s  and is b as e d  upo n  t he use o f  
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c ado xen. Thi s  p ro c es s  f o rmed the p r emi s e  of  the Pu rdue Univ ers i t y  
project i ons ( 1 2 7 )  f o r  f uel al cohol p roduc t io n  from biomas s i n  the Uni t ed 
St at es . 
Cad o xen i s  a c omp l ex ob t ai ned by d i s s olving c ad mi um o xi de ( 5% )  
o r  cadmi um hyd ro xi d e  in 2 8% aq u eous eth ylened i amine sol u t i o n  ( 5 1 ) . 
Cad oxen is a very s t rong bas e and i s  bel ieved t o  d i s solve cell ul o s e  by 
f o r ming a c el l ul o s e-cad oxen comp l ex comb i ned with s pl i t t in g  o f  h yd r ogen 
b o nd s  with in th e c rys t a l l ine ar eas ( 51) . Recovery of  c ad mium o xi d e  and 
ethyl enediamine f ron1 cadoxen -c el l ul o s e  s o l ut i o n s  c an be f ac i l i t at ed b y  
s i mp l e ref luxing ( 5 1 ,  5 6 ) . Th es e compo nen t s  o f  c ad oxen may then be re­
us ed in mak i ng s ub s eq u en t  s o l u t io n s .  Lad i s ch , Lad i s c h  and T s ao (56) o f  
Purd ue Univer s i t y  r ep o r t ed high convers i on o f  c ry s t al l i n e  c el l ul o s e  as 
wel l as agr i cul t u r al r es i d ues t o  gl uc o s e  upon t reat men t wi t h  cad o xen 
p r i o r  t o  s a cchar i f i cat i o n  us i ng enz ymat ic hyd roly s is . Commercialization 
o f  s u ch a p ro c es s h as b een c r i t i c i z ed by Fl i c kinger ( 30) as being 
cap i t al i nt ens ive f o r  eq uipment an d recovery technology . 
Enzymat i c  Pro c es s es . Of t h e  ch emi c al p ro c es s es f o r  h yd ro l ys i s 
d i s c us s ed above , al l r eq u i r e  exp ens ive corrosi on-p ro o f  eq u i p men t , h i gh 
t emp erat u r es ,  ext end ed p er i o d s  o f  t ime and /o r  met h o d s  o f  r ec o v er y .  I n  
add i t ion,  thes e  met ho d s  r es ul t in r ed u c ed yield s  and t h e  p r es enc e o f  
d eg r ad at io n p ro d uc t s . Enz ymat i c  meth ods have t h e  p o t ent i al of r es ul t i ng 
in a quant i ta t iv el y  h igher yi el d of p ro d uc t f rom the s u bs t ra t e, wit h  no 
degradat i o n  p rodu c t s ,  and at mod era t e  t emperat ures o f  conversion ( 5) . 
Cel l ul as e  Enz yme Sou r c es .  I ns ec t s ,  mol lus c s , p ro t o z o a , bac te­
ria, ac t inomyc es and f ungi p roduce c ellulas es ( 70 ) . Some o f  t hes e 
sources, s uch as ins ec t s  and mo l l us c s ,  are inherent l y  p rohib i t iv e  f o r  
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commercial production of cellulase. Others may impede production due to 
conditions of growth or cellulase formation (70) . The basis upon which 
an organism is characterized as truly cellulolytic is whether the enzyme 
produced by the organism is capable of attacking the crystalline portion 
of cellulose (97) . 
Reese, Siu and Levinson (97) proposed the c1-cx concept of 
cellulase systems in 1950. The original c1-cx concept held that for 
complete cellulase activity an organism must be capable of producing an 
enzyme which attacks the highly ordered crystalline cellulose. This 
activity was designated the c1 component and was used to differentiate 
enzyme complexes of various organisms. Thus, for a complete cellulase 
complex an organism must have the ability to hydrolyze the crystalline 
cellulose (C1 activity) and the amorphous cellulose ( Cx activity). 
U. S. Army Natick Laboratory has screened and tested various 
microorganisms for their production of a complete cellulase complex and 
has determined that the fungus, Trichoderma viride is the most reliable 
producer of a stable cellulase (70) . Their selection was made after 
testing over 100 other strains and closely related organisms producing 
similar complexes.� Yields from the others were lower than that obtained 
from T. viride. The parent strain isolated in the South Pacific in the 
1940's was designated I· viride QM6a (7). Strains which produced higher 
activities of cellulase were derived from QM6a by mutation. Strains 
QM9123 and QM9414 were selected by subjecting strain QM6a to linear 
irradiation. The most recent Natick mutant, strain MCG-77, was isolated 
in 1978 after ultraviolet irradiation and Kabicidin treatment from a 
QM9414 intermediate strain, TK041. The Rutgers mutant
s NG14 and C30 
were iso lated af ter ul t ravio le t irradiation and nitroso-guanid ine 
treatment of the QM6a s t rain ( 7 ) . These hyperce llulase p roducing 
s t rains ( inc luding QM6 a )  were later renamed Tr ichoderma ree s e i  ( 33 ) . 
The Cellul ase Complex 
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The o riginal c1-cx cellulase complex as postulated by Ree se e t  
al . ( 9 7 )  i n  1 950 p res umed a two-s tep hydrolysis mode whe reby the "c1" 
comp onent effected a change in c rystalline cellulose that allowed the 
"Cx" components to furthe r degrade or hydrolyze the cellulose to i t s  
sub units . No characterization of the enzymes was availab le a t  the t ime 
and the exis tence o f  "c1" was pos tul ated on indire c t  evidence ( 1 35 ).  
As re search on the  T .  reesei cellulase complex continued , 
isol ation of the comp onents resul ted in three maj or categories o f  
enzymes . I )  The "C1" component has been identi f ied a s  a B -1 , 4-glucan 
cellobiohyd rolas e  ( EC 3 . 2 . 1 . 91 ) , a glycoprotein whi ch reacts  with 
cellulose in "exo-" fashion result ing in cellob ios e  as the end p roduc t 
( 10 ,  12 ,  2 8 , 39 , 40 , 4 3 , 1 35 ) . At leas t four ele c t ropho re t i cal ly dis­
tinc t B-1 , 4-glucan cellob iohydrolases have been identi f ied from 
Trichoderma cel lul ases ( 2 8 , 4 0 ) . These forms , termed A ,  B, C ,  and D, 
have been determined to be different glycopro tein forms o f  the s ame 
polypep t ide wi th identical roles in ce llulose degradation ( 4 0 ) . Form C 
has the highe s t  aff ini ty f o r  crys tall ine cellulose , is  the mos t  p re­
dominant  form containing higher carbohydrate levels  (mannos e , largely 
[40] ) , and fo rms a s l i ghtly more ac tive cellulase sys tem when comb ined 
with o the r fractions of the complex ( 2 8). 
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II) The "Cx" componen t  is a 1 , 4-8-glucan glucanohydrolas e  (EC 
3. 2. 1. 4), a gly copro te in whi ch at tacks cel lulose and ce lloo ligomers in 
"endo- " fashion re sulting in new free chain ends (13, 28, 42, 43, 107, 
135). Shoemake r and Brown (107) isolated four endo 1 , 4-S-glucan 
g lucanohydrolases designated I ,  II , III and IV . These invest igators 
qual i fied the dif ferent specific  reac t ion p roperties for endoglucanases 
II , III and IV f rom Trichoderma ree sei . It was no ted by the s e  authors 
that the speci fic activi tie s  of the endoglucanases incre ased with the 
leng th of the celloo l igosaccharide sub s t rate , and that endoglucanase IV 
had some t ransgly cos idase ac tivity (10 7) . In addit ion , Hakansson e t  al . 
(42) isolated an endoglucanase wi th a mo lecular weight o f  about 20 , 000. 
The earlier work o f  Berghem , Pettersson and Ax io-Fredrik s s on (13) 
in dicated that the higher activity of this low molecular wei gh t  endo­
g lucanase resulted f rom i ts smaller size which may al low it access to a 
greater  por t ion o f  the ce l lulose fibers . 
Thus the "Cx" portion o f  the ce llul ase comp lex is composed of  
at leas t f ive endoglucanase s .  
I II) The S-glucosidase (EC 3 . 2 . 1. 21) or cellob iase component 
of the cellulase complex of  Tricho derma ree sei degrades c e l lob iose 
resul ting in glucose (11, 28, 117, 119 , 135). Berghem and Pet tersson 
(11) concluded that thi s  enzyme is composed o f  a single polypep t ide 
chain and p robab ly no t a glycop ro tein. In accordance wi th the termi­
nology of Emer t  et al . (2 8), the term 8-glucosidase is  used he re to 
des igna te the cel l ulase enzyme component s whe re 8-glucos idase is the 
enzyme functioning to degrade cellobi�se p roduced during po lyme ric 
subs trate degradat i on . Only one S -glucosidase has been obs e rved in T .  
reesei cellulases ( 28 ) . 
As the research on the nature of the cellulase comp l ex contin-
ued , the basi c  concep t of  the c1-cx hypo thes is became controvers ial . 
Two p redominant v iews prevail with "c1" at the heart of  each . 
In the f irs t view , Reese and Mandels ( 9 3) as reviewed by Wood 
and McCrae ( 1 35) maint ain tha t "c1" is a p rehydroly t i c  f ac tor , condi-
tioning the c rys talline cellulose to allow subsequen t a t tack and con-
vers ion by the "Cx" components ( Fig . 3) . 
endoglucanases 
o ligomers  









F igure 3 .  Mod ifi ed c1 -cx 
hypothesis of E.  T .  Reese ( 1 35) . 
In the second view , Emert e t  al . (28) utilizing the ind ividual 
comp onents of the cellulase complex as presented above , propose an 
opposing hypo thesis . This model maintains tha t the "c1" c omp onen t is 
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the S -1 , 4-glucan cel lob iohydrolase . In this hypo thesis  they argue that 
in an enzyme comp lex containing both "exo-" and endog lucanases , i t  is 
the endoglucanases  which are responsible for ini tiating the a t t ack . 
This hypothes i s ,  therefore rever ses the order of the "Cl-Cx" concep t 
propounded by Reese . 
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The hypothe sis  of  Eme r t  et  al . ( 2 8 )  enj oy s a great  deal o f  
experimen tal evidence and support (10 , 11 , 1 2 , 2 9 , 39 , 40 , 4 3 , 9 1 , 104 , 
1 1 7 , 135 ) . Eme rt et  al . ( 2 8 )  also p ropos e that the "c1-cx" cat ch-all 
term be eliminated in favor o f  the sys tematic names ass igned by the 
Commission on Enzyme s of the Inte rnational Union of  Bio chemi s t ry for 
the individual comp onents of  the ce llulase complex . 
In this light , the second hypothesis o f  Emert e t  al . ( 28 )  
sugges ts that re ference t o  the ce llulase " comp lex" or  "sys tem" i s  in 
nature a t rue funct ion indicating syne rgism . In this synergis t i c  action 
the endoglucanases ini tiate the attack exposing new chain ends to the 
cellobiohydrol ase for exoglucanase activity at the s i t e  which aids the 
endogluc anase action on the crys tal line cellulose ( 10 , 1 3 , 2 8 , 3 9 , 42 , 
6 6 , 104 , 10 7 ,  135 ) . The product of the cellobiohydrolase , ce llobiose , 
is remove d by the S-glucosi dase the reby reducing end produc t inhibi t ion 
of  the cellobiohydrol ase (10 , 12 , 39 , 43 , 66 , 1 1 7 ,  1 19 ) . 
Trichode rma reesei enzyme cul ture fil t rates also cont ain 
arab inase and xyl anase (pent osanases ) (55 , 80 , 125 ) as well as alpha­
amyl ase ( 6 8 ,  7 9 , 125 ) . 
Facto rs Af fect ing Enzymatic  Hyd ro lys is 
Ele c tron mi crographs of enzymatic degradat ion of cel lulose 
reveal a phenomenon of bre akdown in which the cellulose p art i cl es are 
reduced to fine r part ic les o r  are fragmented ( 2 9 , 5 4 , 6 0 , 9 1 ) . Berg 
and Hof s ten ( 8 )  used elect ron micros copy to examine the g rowth of T .  
reesei (viride ) on cellulose . Their study revealed that the fungus 
appeared to grow in dire ct ions parallel to the laminar s t ruc t ure of the 
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f ibers . Thi s i s  interes ting i n  that the enzyme a t tacks in a manner 
that reduces the c ry s tal li te in wid th while the leng th remains cons tant 
( 2 9 ) . Rautela and King ( 9 1 )  pos tulate that enzymat i c  acti on along the 
crys tallite  would res ul t in fragment ation because of  binding to the 
surface , ant icipa ting tha t  this bonding would weaken in ters t ruct ural 
bonding and result in smal ler crys tallites  being f reed . Presumab ly this 
process c ontinues unt i l  ext ens ive reduction in s i ze is reali zed . 
Enzyma tic  acl[ulose degradation requires phys ical contact 
between the sub s tra te and the enzyme . Thus , s t ructural features of the 
cel lulosic  material are integral to the degree of sus cep t ib i l i ty to 
degradation . These f ac tors include : 1) the water s orb tion cap ab i l i ty , 
2 )  the cry s tallini ty , 3 )  the mo lecular arrangement , 4) the content o f  
associated material such as lignin and 5 )  the cap il lary s tructure of 
the cellulose f iber s  ( 29 , 1 2 2 ) . 
The inf luence o f  one factor over the othe rs in relati on to ra te 
and exten t of  hydro ly s is has been a subj ect of inve s t ig ation . The work 
of King ( 5 4) showed tha t  the hydrolysis ( solub il i za tion) rate was 
direc tly proportional to the sur face area of the sub s t rate . S tone et 
al . (122)  in a s imi lar s tudy sugges ted hydroly sis as a funct i on of 
cap illary d imens ion o f  the cel lulos ic sub s t rate . The acce s s ib i l i ty o f  
the cellulos e t o  the cellulase enzymes , a t  a mole cular weight o f  around 
50 , 000 ( 2 9 ) , was assumed to be ass isted by increased surface area in 
these p os tulations . Fan , Lee and Beardmore ( 2 9 )  dispute the impor tance 
of surf ace area and emphas i ze the effects (or l imi tations ) of crys tal­
l ini ty . In this work , they thoroughly document the hyd roly t ic increase 
in rela tion to percen t  c ry s tallinity . They a t tribute the slowdown o f  
hyd ro l ys i s  t o  t he ' ' inac t ive ' '  f ra c t i on o f  the c rys t a l l ine ce l l ul o s e ,  
no t ing tha t s urf ace a r e a  a t  t h i s  point ( 9 6  h o f  h yd ro lys i s )  i s  gre a t e r  
than at in i t i a t i on . They co nc lude th a t  s ur f ace a r e a  i s  no t l imi t in g  
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and the re f o re t he de c re ase in  hyd ro lys i s  rate  i s  no t d ue t o  t h i s  f a c to r . 
The y a t t ri but e  t he d e cre ase in hyd ro l ys i s  to the f ine s t ru c tural  o r de r 
o f  the c e l l ulose  conf i rming t h a t  the amo rphous p o r t i on i s  hyd ro ly z e d  
mo re rap i d l y . Th is  wo rk poin t s  t o  t he imp o rt ance o f  t h e  f i ne s t ruct ur a l  
o rde r o f  the crys t a l l ine ce ll ul ose a s  the p re d ominant f a c t o r  a f fe c t i n g  
enzyma t i c  h yd r o l ys i s . The auth o rs re comme nd inve s t igat ion in t o  p re ­
t re a tmen t s  d i re c t e d  t owards a l te ring t h e  c rys t a l l ine a r range me n t  r athe r 
t han t re a tmen t a s  a s i mp le f un c t ion o f  i n c re a s ing the s u r f a c e  area . 
Phys i c a l  Tre a tme n t s . S t ud i e s  a ime d at alte ring the c rys t a l line 
s t ruc t ure o f  ce l l ul os e  indeed do show s igni f icant i n c re a s e s  in p e rcent 
hyd ro l ys i s . Ke l s e y  and Sha f i z adeh ( 5 3 )  us ed shake r f l ask s t ud i e s  in 
whi ch s imul t aneous p hys i ca l  at t ri t ion and e n z yma t i c  hyd ro l ys i s  of t he 
cel lu l o s e  was o b t a ined by a d d ing g l a s s  be ads t o  t he hyd ro l ys i s  mi xture . 
Thi s  me t ho d  was c omp a r e d  t o  vib ra t o ry b a l l  mi l l ing p re t re a tme n t . The 
s imul t ane o us a t t ri t ion,  we t mi l ling me t hod ( 5 3 )  r e su l t e d  in h i ghe r 
ini t i al hyd ro l ys i s  r a t e s  and twi ce as much h yd ro l ys i s  as the b a l l  mi l l e d  
s amp le s .  L igno ce l l u lo s i c  ma t e r ials  a l s o  responded t o  we t mil ling p ro­
c ed ures (us in g  s t ainle s s  s te e l  beads) by an in c re ase in h yd r ol ys i s  of 
three t ime s  t ha t  of ba l l  mil l ing . S i gni f i c an t  inc re as e s  i n  conve rs i o n  
using newsp rin t we re a ls o  no ted  using t h e  s t ainl e s s s t e e l  be ads . The 
underlying f e a t ure of s imul t ane ous we t mi l l i ng-hyd ro l ys i s  is t he c on­
t inued exp osure of new s ur f a c e s  an d i rregular  cel l ul o s e  mol e cule s  v i a  
me chani ca l  b re aking o f  t he c e l l ul ose ( 5 3 ) . The enzyme i s  t hus capable 
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o f  re ac t ing wi t h  ce l l ul o se mo l e c ul e s  o the rw i s e  i na c c e s s ib l e  d ue t o  h i gh 
o ri e n t a t ion o f  the c ry s t al l i t e s . The maj o r  d rawback o f  th i s  p ro c e s s  i s  
t h e  ina c t i va t ion o f  t h e  e n z yme d ue t o  t h e  grin d i ng a c t i on o f  t h e  we t 
mi l l ing . Ne i l s on , Ke l s ey and Sha f i z adeh ( 7 8 )  in a s ub s e q ue n t  s t ud y  
u s i n g  a b e n ch- s ca l e  a t t ri t o r  f e l t that  this  t y p e  o f  in a c t i v a t i o n  p l ay e d  
a s igni f i c an t  ro l e  i n  t h e  l e ve l ing o f f  o f  the s a c ch a ri f i c a t i on a t  
app roxima t e ly 7 0 %  c onve rs i on . 
Ano t h e r  me tho d o f  d i s rup t ing the c ry s t a l l in e  s t ru c t ure o f  c e l l u­
lo se i s  mul t ip l e  p a s s e s  t h ro ugh a two rol l comp r e s s i on mi l l . Ry u e t  a l . 
( 9 9 ) use d  thi s  me thod  in working wi th a two- phase k in e t i c  mod e l f o r  
ce l l ul os e  hy d ro ly s i s . X- ray d i f f rac t o grams o f  h igh l y  c ry s t a l l i ne c e l l u­
lose  (Avi c e l ) p a s s e d  up t o  35 t ime s th rough the mi l l  h a d  a l owe r l e v e l  
o f  c rys t al l ini ty . Co r r e s p ond ing sac chari f i c a t i on o f  So lka F l o c  SW- 4 0 
t r e at e d  in a s imi l a r  manne r ma t c hed the d e c rease  i n  c ry s t a l l in i t y t o  a n  
inc re a s e  in conve rs i on t o  gl ucose . I t  i s  i n t e re s t i ng t o  n o t e  tha t 
mul t i p l e  p a s s e s  re s ul t e d  i n  a de c re a se in s u r f a c e  area o f  a l l  c e l l u l o s i c  
ma t e ri a l s  use d . Th i s  was a t t rib u t e d  t o  the c o l l ap s e  o f  t h e  c ap i l l a r y 
s t ru c t ure o f  the  ma t e r i al s vi a comp re s s i on ( 9 9 ) . 
P a p e r  mi l l  was t e s  and chemi c al  pulps rep resen t ma t e r i a l s  wh i ch 
have the h i gh e s t s u s c ep t ib i l i ty t o  enzyma t i c  conve rs i on ( 4 , 5 ) . Such 
mat e r i a l s  have been  e xp o s e d  t o  e xtens ive p ro c e s s ing b o th me c h ani c al and  
chemi c a l . The re s u l t i n g  ma te rial  has  a high l y  r e f i ne d c e l l ul o s e  con t e n t  
and  a mo re ope n  phy s i c d l  s t ruc t ure ( 4) .  P ul p ing p r o c e d ur e s  s u ch a s  
be a t ing c a u s e  f ib r i l l a t i on and swe l l�ng ( 4 ) . Fibri l l a t i on c ause s  in d i ­
vid ual f ib r i ls t o  loosen  and r a i s e s  the sma l l  f ib r i l l ae on t h e  s u r f a c e  
of the f i b e rs thus af f o r d ing  a c ce s s i b i l i t y  to  t h e  enz yme ( 4 ) . S u ch 
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mat er i a l s  b e come mo re r e s i s t ant upon dry ing and r e q u i re ext en s i v e  
mi l l ing ( b al l mil l in g )  t o  res t o r e  the i r  s us ce p t ib i l i t y  ( 4 , 5 ) . D ry ing 
o f  ce l l ul o s i c  mat e r i a l s indu c e s  re c ry s ta l l i za t i on and inc re a s e s  re s i s t ­
ance t o  b r eakdown ( 2 9 , 1 2 2 ) . 
Chemi c a l  Tre a tmen t s . Whi l e  t h e  me thods  o f  phys i ca l  t re a tmen t s  
by we t mi l l ing and comp r e s s ion m i l l ing are s i gn i f i can t , a l t e rn a t e  
me thods  ( p r ima r i l y  chemi c a l ) c a n  n o t  b e  d i s c oun t e d . U s e  o f  c a doxen  
p re t re a tmen t  on  a g r i c ul t ural  re s id ue ( l i gno c e l l ul o s i c  ma t e r i a l s )  has  
r e s u l t e d  i n  up  to  9 9 %  conve r s i o n  o f  t h e  c e l l ul o se t o  glucose  and 
r e du c ing s ug ars ( 5 6 ) . The se r e s u l t s  are imp r e s s ive g iv e n  the na t u r a l  
highe r r es i s t an c e  o f  the se ma t e r i a l s  ( c o rns t al k s , bagas s e , al f al f a , 
f e s c ue and o r ch a rd g r a s s ) . Al k a l i  p r e t rea tmen t h a s  r e s u l t e d  in  a 2 . 3-
to 6 . 8- f o l d  in c re a s e  in hy d ro ly s i s  o f  simi l a r  ma t e r i a l s  ( b ag a s s e , whe a t  
s t raw ,  corns t a l k s , r i c e  husks ) ( 2 5 ) . Alka l i  t re a tmen t  of newspap e r  was 
no t e d  as  th e mo s t  s uc ce s s f ul me thod of i n c r e as ing the s u s c e p t ib i l i ty to 
hyd roly s i s  by Man d el s , Hont z  and Nys t rom (6 5 ) . 
The above men t ion e d  s tu d i e s  we re l imi t e d  t o  a 1 t o  5 %  concen­
t ra t io n  of s ubs t ra t e . Thi s l ow concen t ra t ion i s  a r e s u l t o f  the  d i f­
f icul ty o f  wo rking wi t h  ma t e r i a l  whi ch has  a low b u l k  d e ns i ty ( 6 5 ) . 
Kat z  and Ree se ( 5 2 )  i n  an e xp e r ime n t t o  inv e s t ig a t e  t h e  p o t e n t i al o f  
ce l l ul o s e  conv e r s ion u t i l i ze d  h i gh e n z yme c on c en t ra t i on s  t o  p roduce a 
solut i on o f  g r e a t e r  than 3 0 %  g lucose . The a im o f  the  d emons t ra t ion was 
to a chieve s l ur r i e s  of g l u co se e q uiva l en t  t o  tha t ob t a in e d  i n  the s ta r ch 
indus t ry .  
Kine t ic s . Kin e t i c s  o f  hyd ro l y t i c  c a t al y s i s  by the c e l l u l a s e  
compl ex of  T.  r ee se i  have  b een s t ud ie d  by  numerous authors  ( 1 8 ,  4 9 , 8 1 , 
9 2 , 99 ) . The mod e l s  gene r a l l y  p ropose or  i l l us t ra t e  ma thema t i c a l ly a I 
means o f  und e rs t andi ng and / o r  p re d i c t i ng c e l lulose  d e g r a d a t ion t ak ing 
into a c c o un t  f a c t or s  such a s  e n d  produc t inh ib i t ion , enzyme - s ub s t rat e 
adso rp t i on / ina c t iva t ion , reve r s i on p roduc t s , e t c . 
1 
·� Enzyma t i c  Hyd ro lys i s  P ro ce s s  Fac t o rs . S i gn i f i can t l os s  o f  
enzyme i s  incu rred  i n  c e l l u l ose hyd roly s i s  d ue t o  ad s o rp t io n  o f  en zyme 
on tha t p o r t i on of the s ub s t ra t e  whi ch r e s i s t s  f u r the r b re akdown ( 1 8 ,  
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4 8 , 8 4 ) .  Hy d rol y s i s  e ve n t u a l l y  b e c ome s l i mi t i ng due t o  t h i s  a d s o rp t i on 
and  a l a ck o f  r ea c t i on due t o  the unava i l ab i l ity  o f  s i t e s  ( 18 , 4 8 ) . 
Cas t anon and Wi lke  ( 1 8 )  no t e  the d i f f e rences i n  enzyme a f f in i t y  o r  
re l e ase i n  l a t e r  pe r i o d s  of  hy d ro l y s i s  a s  a f unc t i on o f  t h e  type  o f  
sub s t ra te us e d . Fo r e xamp l e , n ews p ape r re t ains  o r  a d s o rb s  more e n zyme 
than p ure r c e l l ul o s e  f o rms s u ch as Solka Floc . The y  a l s o  f o und that t he 
Cx enzyme s  ( en d o g l u c an as e s ) o f  the c e l l ul ase  c omp l e x  we re p re f e ren t i a l l y  
adso rb e d  i n i t i a l l y  i n  the hyd roly s i s  o f  newsp ap e r . Th e c 1  ( e xo-
ce l l ob iohy d ro l ase ) was p r e f e re n t i a l l y  a d s o rbed l a t e r  in  the h y d rolys i s . 
Enzyme p ro d u c t i o n  rep re s e n t s  ab out 6 0 %  ( 18 )  o f  t o t al p ro c e s s  c o s t s  in 
the sys t em o f  W i l ke e t  a l . ( 1 3 3 ) . Ca s t anon and Wi lke ( 1 8 )  n o t e  the 
imp o r t an c e  of  the a b i l i ty t o  re cov e r  enz yme wh i ch may re d u ce e n zyme 
p r o ce s s  c o s t s  by 20 to 4 0 %  ( 1 8 ) . 
Much o f  the  e xpense  o f  enzyma t i c  c e l l u l o se c onve r s ion i s  a t t rib-
u t e d  t o  t h e  l arge  q u an t i t i e s  o f  e n zyme re q u i re d  to p ro d u c e  s ub s t anti a l  
concent r a tions of s uga r s o l u t ions ( a s  gl ucose ) ( 6 6 ) . The a dd i t ion o f  
a - g l uc o s i d as e  ( ce l l ob i as e ) s ubs t an t i a l ly reduces  the c e l l ul as e  requi re-
ment  by reduc ing the  end p ro d u c t  inh ibi t i on e f fe c t  ( 6 6 , 1 1 7 , 11 9 ) . 
Aspergillus phoenicis QM3 2 9  (Natick) i s  a high yielding 8 -glucos idase 
p roducer used to suppl ement !· reesei cellulase ( 11 9 ) . 
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App licat ion o f  crude enzyme p reparat ions for hydro lysis  has been 
emp loyed in systems such as the s imul taneous saccharification/ fermen ta­
tion p ro cess ( 2 7 ) . In this process on-site  enzyme p roduct ion s upplies 
cellulas e to a p re t reated cel lulosic slurry and is fermented at  40 ° C .  
The combined f e rmen tation and saccharificat ion , according to the authors , 
affo rds a buil t- in removal sys tem (yeas t) for feedback inhibi tion 
p roduc ts ( 2 7 ) . A s imilar me thod on a lab s cale involved emp loyment o f  
Saccharomyces ce revisiae at 30 ° C  wi th good resul ts (102) . � The above 
methods are a comp romise  of the op t imum fermentat ion tempe rature for 
the o rganism used and the op t imum temp erature (50 ° C) and pH ( 4 . 8 ) for 
enzymat ic hyd rolys i s  us ing !· reesei cellulase ( 6 , 6 3 ,  65 :. 114 ) . 
,
. , 
Inve s t igat ions by Mande ls et  al . ( 6 6 )  on cel lul ase filtrates 
( crude enzyme ) unde r  use condi t ions compared the three bes t T .  reesei 
cel lulase p roducers--QM9 414 ,  MCG7 7  and Rutgers C-30 . They rep orted 
an in crease e f f ic iency in saccharificat ion us ing diluted enzyme . Thes e  
autho rs a l s o  not ed tha t lac tose cultured cellulase was l e s s  e f fect ive in 
hydrolysis , requi ring more uni ts /gram subs t rate t o  produce equivalent 
sugar concent rat ions . In an earlier paper , Reese and Mandels ( 9 4) 
repcrtad factors affec ting stab ility of  trichoderma cellulase , no t ing tha t  
shaking during hydrolysis and the use o f  certain prese rvat ives de t ri­
mental ly affec ts hydrolysis . Bacterial cont aminat ion ( specifically 
Bacillus coagulans ) dire c t ly af fected the C1 o r  c ry s talline ac t ivity 
(Avicelase) of the cellulase . The C- 30 mutant cel lulase with added 
8-glucos idase was the mos t  s tab le ce llulase . \ 
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Ce l l u l ase P ro d u c t i on 
Ce l l ul as e  Induce r s . Ce l l ul as e  p roduc t ion by I ·  re e s e i  i s  
induced  by l ac t o s e  ( 7 , 4 1 , 6 7 ,  6 8 ) , s opho ro se ( 6 1 , 6 7 ,  79) , a s  we l l  a s  
cel l u l o s e . La c t o s e  in d u c e s  c e l l ul a s e  a t  a l evel  o f  l e s s  t h an one-ha l f  
t h a t  o f  c e l l u l o s e  ( 7 ,  1 00 ) . Mande l s , P a r r i s h  and Re e s e  ( 6 7 ) f o und 
s oph o ro s e , 2-0- S - D- g l u copy rano syl-D-g l u c o s e , t o  b e  t he mo s t  a c t i ve 
i n du c e r  o f  c e l l ul a s e  f o r I·  re e s e i  and i s  spe c i f i c  f o r  t h i s  o r gani sm . 
They d i s c ove r e d  t h a t  sopho rose o c c u r s  as  a con t amin an t  i n  r ea gen t g r a d e  
g lu c o s e  a t  a l e v e l  o f  0 . 0 0 5 8% . The re l a t ive a c t iv i t i e s  o f  c e l lob i o s e , 
l ac t o s e  and s o p h o r o s e  are 1 ,  20  and 2 5 00 b ase d up on one Cx un i t  i n d u c e d  
b y  1 ,  0 . 0 5 and 0 . 0 00 4  mg o f  s ugar re s p e c t ive ly ( 6 7 ) . N i s i z awa e t  a l . 
( 79) f o und a d i s t in c t  inh i b i t i on o f  c e l l ul a s e  p rod uc t io n  a t  h i gh e r 
l evel s  o f  s ophoro s e . They a t t r i b u t e  t h i s  t o  c at ab o l i c  rep r e s s i on f rom 
g l u c o s e  d e rived  by 8 -g l u co s i da s e  a c t i on on the  s ub s t ra t e . Thus , 
s op h o ros e  is  a c t ive only a t  l ow concent ra t ions  (maximum a c t i vi t y a t  
1 x 1 0- 3 �1 ) , and the re f o re p ro duces  l ow enzyme quan t i t i e s  (79 ) .  
Lowenbe rg and Chapman ( 6 1 )  f o und tha t pulse  f e e d ing o f  s op ho ro s e  a t  
des i gna te d  in t e rv a l s  was e f f e c t ive i n  ob t aining h i ghe r c e l l u l a s e  l eve l s . 
The se a u t h o rs n o t e t h a t  t h e  c e s s a t i on o f  c e l lul ase  p r o d u c t i on c o inc i de s 
wi th the  c omp l e t e  d i s app e a rance o f  ind u ce r ( s ophoros e) . Th i s  t ra i t  wa s 
b el ieve d t o  b e  d ue to  T .  ree se i ' s  req u i reme n t  o f  a c ons t an t  s o u r c e  o f  
ind uce r ( 6 1 ) . Lowe nb e r g  and Chapman ( 6 1 )  s t a t e  tha t  be c ause  s ophorose  
p romo t e s  c e l l u l as e  f o rma t i on muc h  mo re rap i d l y  than does  c e l l ulose , i t  
i s  clos e r  t o  the na t u r al induce r than i s  c e l lulose , and , tha t  c e l l ulo s e  
s e rve s a s  a s ub s t ra t e  f rom wh i ch an i
-nduce r c an b e  f o rme d . 
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Be cause o f  the app li cation demand for f eas ib le p roces ses , 
cellulase mus t  be  p roduced in quant it ies and activit ies sui tab le f or 
dire ct  use and as  cheap ly as pos s ible . For these reasons cellulose has 
been and is the lo gical sub s t rate for produc tion . In addit ion , cellu­
lose based med ia do p rovide the constant inducer source p revious ly 
mentioned as a requirement in cel lulase p roduction ( 6 1 ) . 
Growth Inhibi tors . Othe r compounds have been s tudied as 
inducer , s t imulators / activators and enhancers o f  cellulase p roduc tion . 
Cellulase p roducti on has b een sugges ted as being inversely related to 
grow th rate ( 7 ,  50 , 100) . S tudies employing known growth inhibi tors in 
small t o  t r a c e  quantities s eem to show increased cellul ase activity 
( 106 , 124 ) . S t ranks and Bieniada (1 24 ) employed phenethyl al cohol ( PEA) 
as a growth inhib itor in experiments  inc luding s everal known c el lulase 
producers . They no ted signi f i cant increases in cellulase p roduction 
using PEA ( 0 . 03% v/v) with Myrothe cium verrucaria . Trichoderma ree sei 
(viride) was leas t affec ted by addition of PEA (124 ) . The exp eriments  
used 1% glucos e  as the subs t rate . 
Shi rko t e t  al . ( 106 ) found that small concentrations (0 . 1  to 
0 . 4  ppm) o f  di thio carbamates ( fungi cides)  dramatic al ly inc rea sed the 
yield of Avicelase ( crys tal l ine activity ) and carboxymethy l  cellulase 
( CMCase-amorphorous activi ty ) . The 8-gluco sidase act ivi ty was also 
increased in 8 days but was greatly diminished in 12 days ( 106 ) . The 
autho rs sugges t  that by use o f  these fung icides high yields o f  Avicelase 
and CMCase may b e  p referentially ob tained from !·  reesei cul ture s . / 
S timula tors /Ac t ivators . Gup ta ,  Das and Gup ta ( 4 1 )  found tha t  
addit ions o f  acetate , malate and alpha-ke toglutarate t o  a b asal  me d i um  
plus 1% cellulos e as a sub s t rate increased cellulase y ie lds f rom ! ·  
reesei . It was also found that ascorba te inc reased enzyme y ield . The 
mos t  interes t ing result  of  this s tudy was the marked increase ( two-
fold ) in enzyme y ield when a comb ination of ace tate and as corbate  at 
0 . 1% each was employ ed . The authors were unable - to exp lain this phe-
nomenon . 
,� Enhancement and Trace Elements . The inclus ion of  s urfactants 
such as Tween 80 (polyoxye thylene sorb itan monooleate ) in cellul as e  
produc tion med ia h a s  been found to  enhance enzyme y i�ld ( 9 6 ) . The 
me thod of enhanc ement is  postulated as being a favo rable memb rane 
response in re leas ing the enzyme ( 9 6 , 1 2 5 ) . Thus , p e rmeab i l i ty of the 
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memb rane is suggested as  a possible fac tor in enzyme yield al though the 
autho rs  no te tha t the mechanism may be mo re complex s ince rele ase or  
leakage of  o ther e nzymes is not encountered in all cas e s  ( 9 6 ) . � 
/ In add i t ion to the s tandard nutrients such as carbon , ni trogen , 
po tassium and phosphate whi ch are p rovided in !· reesei p roduct ion media 
( 6 3 ) , Mandels and Reese ( 6 8 )  de termined that the magnes ium and cal c ium 
ion rat io played a s ignif icant role in ob taining op t imum cellulase 
yields 1 Thei r  s tudy ( 6 8 )  also revealed that certain t race  elements aid 
maximal enzyme p roduct ion . Cobal t was the only t race e lement active 
a lone and best  resul ts are ob tained wi th addi t ions of i ron , manganes e , 
z inc and cobal t ( 6 8 ) . ; Trace el ements are req uired for enzyme p rodu c-
t ion but no t for growth excep t on pure cellulose ( 6 8 )  · Me tal ions 
do no t p lay a ro le in the activity of Trichoderma reesei cellul ase 
( 6 8 )i' 
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� Ni t roge n So u rc e s . Ce l l ulase produc t ion me d i a  emp l oy the e s sen­
t i al growth e leme n t s  o f  po t a s s i um , phosphoro us , ni t rogen , c a l c i um and 
magne s i um as  pe r Man d e l s  and Ree s e ( 6 8 ) . Tr i cho d e rma spe c i e s  in gene r a l  
g row b e s t w i t h  amin o n i t rogen , ammoni um i o n  ( NH40H ) a s  the  n e x t  b e s t  
s ou r ce , f o l l ow e d  b y  urea and ni t ra t e  ( 2 2 ) . Gup ta ,  Das and  G up t a  ( 4 1 ) 
f o und a comb ined  s o u r c e  o f  ni t rogen t o  b e  s up e ri o r  in a l iq u i d  me d i um .  
A t ra ce e l emen t  s up p l y  o f  i ro n , manganese , z i n c  an d cobal t i s  p ro v i de d 
a s  re commende d b y  }wn d e l s  ( 6 3 ) . The Mande l s  me t h o d  ( 6 3 )  s upp l i e s  
pro t e o s e  pep t one a t  one- t e n t h  o f  t he c e l l ul o se l e v e l emp l oy e d . Ye a s t  
e x t ra c t  c an b e  s ubs t i t ut e d  f o r  the p r o teose  pep t one ( 6 2 ) . U s e  o f  Twe e n  
80 i s  op t i ona l ( 6 3) . � 
T r i ch o d e rma reese i St ra in Va r i a t io ns . The hype rp rod u c i ng 
c el l u l a s e  s t r a i ns va ry in the i r  re sponse t o  induc ing s ub s t ra t e s and  
f e rmen t a t i on cond i t i ons ( 7 , 1 2 5 ) . An d re o t t i et  a l . ( 7 ) ma d e  a compa ra­
t ive s t udy on the Na t i ck and Ru t ge rs mu t an t s  and found tha t Ru t g e rs  
( Rut ) C- 30 was the  h i gh e s t  p ro d uce r on  6 %  b a l l  mi l l e d  ce l l u l o s e  p u lp 
and the Ru t NG- 1 4  was the  h i ghe s t  p ro d uce r on 6 %  c omp re s s i o n  mi l l e d 
co t ton . MCG 7 7  ( Na t i ck )  was  the s upe r i o r  p ro d uce r on l a c t o s e  wi th  Rut  
C- 30 s l igh t ly b e l ow it  on 6 %  l a c t o s e  me d i um ( 7 ) . The o th e r s t r a i n s  
p roduce d l ow leve l s  o f  enzyme on 6% l a c to s e . 
� Glucos e  rep res s e s  c e l lul a s e  synthe s i s  i n  T .  ree s e i ( 33 ) . MCG 7 7 , 
Rut NG- 1 4  an d  Rut C- 30 h ave the advan t age o f  re s i s t an c e  t o  c a t ab ol i c 
rep re s s ion ( 3 3 , 7 4 , 12  ) .  In  p a r t i cul ar , MCG7 7 and Rut C- 30 h ave the  
ab i l i ty to re cover  ful l  c e l l ul ase p roducing c apa c i t y  a f t e r  growth on or  
int ro du c t i on of  g l u c os e  ( 3 3 , 7 4 ) .  Ru t NG-14  does  s o  to  a l e s s e r  e x t en t  
( 74 ) .  Thi s  cha r a c t e ris t i c  a l lows t h e  convenient p ropaga t ion o f  he avy 
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inoculums for these two s trains on gluco se medium for sub sequent ce llu­
lase p roduc tion ( 33 ,  1 2 5 ) .
� 
Product ion Me thods 
S te rnbe rg ( 1 1 8 )  investigated the pH op t imum , nit rogen require- . t K  
ments and an inc reased cellulose level fo r imp roved enzyme y ields . 
Uncontrolled pH re sulted in dramatically reduced enzyme ac t ivity in 
media wi th greater than 0 .  75% w/v cel lulose levels ( 1 1  8 ) . He found 
that the bes t yields could be ob tained by controlling the pH during the 
fermentation to no t les s than 3 . 0  or grea ter than 4 . 0 .  A contro lled pH 
of  no t less than 3 . 5  favo red highe r S-glucos idase ac t ivi ty . Without pH 
control the pH in 2%  w/v cellulose med ium would drop to  2 . 5  d iminishing 
the yield by inactivation o f  the enzyme . 
Sternberg and Dorval ( 1 2 0 )  used ammonium hyd roxide t o  cont rol 
pH in a lower sal t cont ent medium emp loying cellulose l evel s  of  2 to 8% 
w/v for high cel lulase y ields . In both s t udie s  ( 118 , 120 ) , a p H  p rofi le 
with a fairly rap id d rop to the contro l level (pH 3 . 5 ) , holding for 
seve ral day s , and a subsequent rise is desc ribed . The pH rise  i s  
attributed to  ammonia release b y  the fungus ( 120) . S te rnberg ( 1 1 8 )  
notes that S -glucos idase fo rma t ion lags 1 t o  2 days b ehind cel l ulase 
produc tion co inciding wi th the rise in pH .  Maximum enzyme y ie lds we re 
ob taine d on 8% cellulose al though yields at 6 %  cellulose we re only 
sligh tly lower ( 120 ) . Sternberg and Do rval ( 120 ) mention the ne ce ssity 
of us ing a high inoculum level ( 20% v/v)  for the 8% cellulos e  level . 
Other p ro du c tion me thods for enhanced cellulase p roduct ion 
involve mixed cul ture fermentation of ! · reesei and a y eas t ( 82 ) , pH 
cyc ling and temp erature p ro f iling ( 76 , 12 5 )  and continuo us cul ture 
me thods us ing T. reesei ( 34 ,  8 3 , 100 ) . 
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Pei tersen ( 82 )  added a n  inoculum o f  either Cand ida utilis or 
Saccharomyces cerevis iae 24  to 32  h af ter  init iating cell ulase p roduc­
t ion us ing T .  reesei  QM9 1 2 3  (Natick ) . He no tes the earlie r appearance 
of cellulase due to the competi t ive up take of glucose by the yeas t . The 
cel lulosic ma terial  was not furthe r ut il ized by use o f  the yeast culture 
(82 ) . 
Mukhop adhyay and Mal ik ( 7 6 )  emp loyed a p roduc t ion s trategy in a 
batch ope rat ion whe reby they varied the temperature and the p H  dur ing 
the fermentat ion . They used higher temperatures during the growth 
phase .  They also cy cled the pH during the acid phase o f  enzyme p roduc­
t ion by radically adj us t ing from the cont ro l point (pH 3 . 0 ) to ab ove pH 
5 . 0 ,  repeating this p ro cedure once the pH fell  to the control point 
again . The autho rs c laimed an increase in yield us ing this s t ra tegy 
and believed that  a shif t  in s tates of equi l ib rium and the different 
conditi ons p roduced during the fermentation we re responsible fo r this 
increase . 
The mos t  p romising and p roductive cel lulase p roduc t ion methods 
are the continuous p ro cesses . Peitersen (83 ) employed a cel lulose 
medium s t ream of 0 . 5  to 1 . 0%  w/v cellulose feeding a s ingle s t age 
reactor on a con tinuo us basis . The resul ts were a low enzyme ac tivi ty 
product ,  10 to 30 % the ac tivi ty of a bat ch p roduc t ion , and a p roduc tion 
value of 12-13 I n t e rna t ional Uni t s  ( IU ) / 1 /h .  
Gho se and Sahai ( 34 )  used a single stage rea ctor wi th ce l l  
recyc le whi ch resul ted i n  ce llulase o f  1 . 0 to 1 . 2 IU/ml depending upon 
the nit rogen s ource emp l oyed . This sys tem p roduced 30 IU/ 1 /h us ing T .  
reesei QM9 4 1 4  (Natick ) . 
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Ryu et al . ( 100 ) r e p o rted the most succes s ful and in forma tive 
continuous cellulase p roduct ion sys tem .  These autho rs emp loyed the T .  
reesei s t rain MCG 7 7 with lactose as the inducer/ carbon source . They 
operated the p roces s for  1350  h on a continuous b asis . Thi s  p rocess 
involved the use o f  a s eed o r  biomass p roduction vessel feeding into an 
enzyme p roduction ves se l . They determined the op t imal enzyme p roduc tion 
rate o f  the second vessel to be 0 . 02 7  h-� At this rate a p roduct ion 
value of 90 IU/ 1 / h  was ob tained . Ryu e t  al . (100 ) p roj e c t  the theoret­
ical enzyme product ivi ty to be approximately 300 IU/1 /h f rom thi s sys tem 
based on biomass concent rations obtainable in the p ro ce s s . 
Comp arison o f  p roduction of bat ch and cont inuous p ro cesses have 
been made by Ghose and Sahai ( 34 )  and by Mukhopadhyay and Mal ik ( 7 6 ) . 
Mukhop adhyay and Malik ( 7 6 )  infer  that the method they emp loy o f  con­
tro lled tempera ture p rofiling and pH cycl ing in batch mode i s  competi­
t ive if no t s uperio r to the sys tem of  Ryu e t  al . (100 ) . In ac tuality a 
comp arison of  the two sys tems reveals that the sys tem o f  Ryu e t  al . 
(100)  utilizes 5 6 %  of  the fermenter volume required by Mukhopadhyay and 
Malik ( 76 )  and p roduces 14 . 5 % more enzyme as IU/h in a respec t ab le con­
centration (5 . 6  IU/ml ) . This  is a res ul t of  the a c t ivi ty o f  the enzyme 
p roduced , the vo lume or  retention time emp loyed , and the t ot a l  p roduc­
tion t ime invo lve d . In addition , the sys tem of Ryu et al . ( 100 ) 
sus tained an operat ing t ime well beyond tha t which a s ingle batch sys t em 
is capable o f  achieving without duplica tion o f  facil i ties ( i . e . � 1350 h 
{ 100 ] vs . 1 70 . 5  h [ 7 6 ] ) .  
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The resul t s  o f  Ry u e t  a l . ( 10 0 )  s ugge s t  t ha t  t h e  s e cond s t age o r  
enzyme produc t io n  s t a ge shoul d be  mai n t a ined a t  z e r o  o r  nega t ive grow t h  
ra t e . They f urthe r re l a t e  tha t t h i s  imp l i e s  tha t t he ce l l s  i n  t h e  
s e cond s t age a re und e r  cond i t ions o f  res t ing c e l l s  o r  s l i gh t  degene ra­
t ion . Th i s  is s ign i f ic an t  in t h a t  mu ch of the t o t a l e nzyme r e a l i ze d  i n  
a p roduc t ion sys tem i s  re l e a s e d  i n t o  t he med i um und e r  s t a t i onary p hase 
cond i t i o n s  and l y s i s , l a t e r in the p r o d uc t i on p rof i l e  ( i . e . , a f t e r  4 8  to 
72  h )  ( 8 ,  9 '  3 3 ,  6 9 , 1 1 8 , 1 2 0 ) . 
Acce s s i ng Ce l l ul a s e  En zyme s 
Me t h o d s  o f  d e t e rmi n i n g  ce l l ulase ac t ivi ty a r e  comp o un d e d  by t h e  
comp l ex na t ure o f  t h i s  enzyme ( 1 7 ) . Man d e l s  (6 3 )  comp i l e d  me t h o d s  
gene ral ly accep t e d  as i n d icat i ve o f  e xp r e s s ing t h e  act ivi t ie s  o f  the  
var i o us c omp o ne n t s  which make up  t h e  ce l l u lase e nzyme . Th e s e  me t h ods  
a re s ub j ec t  t o  s ome d eg r e e  t o  the  ind i v i d ual inve s t i ga t o r ' s  i n t e rp re ta­
t ion o f  whe th e r  they t ru l y  r e f l ect wha t  he  w i she s to i l l us t ra t e  an d h i s  
f a i th i n  the me t hod emp l oy e d  ( 6 4) .  A s  a re s u l t ,  a mul t i t ud e  o f  me t h o d s  
a n d  mod i f icat i ons o f  me t h o d s  ( q uan t i t a t i ve a n d  q ua l i t a t i ve ) c an b e  
f o und in the l i t e ra t ure ( 1 , 2 ,  3 ,  1 9 , 36 , 3 7 , 3 8 ,  5 9 , 6 3 , 6 4 ,  7 3 , 7 4 , 
7 5 , 8 5 , 1 0 8 , 1 1 1 , 1 2 3 ) . 
Mand e l s , And re o t t i  and Roche ( 6 4 ) mai n t ain tha t the f i l te r  pap e r  
a s s ay ( un i t s  as FPU o r  I U )  d e ve l op e d  and emp loyed  b y  U . S .  Army Nat i ck 
Res e a rch Lab o ra t or i e s  ful f i l l s  the re q ui r emen t s  f o r exp re s s ion o f  a 
comp l e t e  ce l l ul as e  b e ing r el a t ive ly f as t , s imp l e , r ep roduc ibl e  and 
q uan t i t a t iv e . Howeve r ,  mod i f i c a t ion$ of even this a s s ay have been 
prop o s e d  and emp l oy e d  ( 3 7 , 7 4 , 7 5 ) . An exc e l l ent  examp l e  is the 
36 
mod i f i ca t ion emp l oy e d  by Mont en co u r t and Eve l e i gh ( 7 4 ) . The s e  a u th o r s  
emp l oy e d  t h e  me t h o d  o f  Man d e l s  et  a l . ( 6 4 ) excep t t h e y  d i l u t e d  t h e  
enzyme t o  ob t a in re d uc i ng s uga r va l ue s  wh i ch woul d f al l  w i t h in the i r  
s t and a rd c u rve l imi t s  ( 7 4 ) . Th i s  mo d i f i c a t i on was ve ry us e f u l  f o r  the 
l arge n umb e r  of a s s ay s  re q ui re d  in t h i s  s t u dy . I t  r e ad i l y  p o i n t s  o u t  
the  te d i um  and e xe r t i o n  req u i r e d  to  p e r f o rm  th e me thod  o f  Man d e l s  e t  a l . 
( 6 4 ) when h i gh n umb e rs o f  s amp l es a r e  enc ount e re d . The s e  a u t h o r s  a l s o  
p o i n t  out  tha t t h e  value s re s u l t ing f rom t he i r  mod i f i c a t io n  re f l e c t  
h i gh e r  than a c t ua l  y ie ld s  ( 7 4 ) . 
( Canevas c ini  and G a t t len ( 1 7 ) , in a c omp a ra t i v e  s t udy o f  va r i ous 
ce l l ul ase  a s s a y s , f o und tha t for  T .  re e s e i  the e f f e c t s  o f  d i l u t i on in  
the f i l t e r  p ape r a s say o f  Mand e l s  et  a l . ( 6 4 ) re l a t e d  re as onab ly we l l  
t o  the a c t ual ac t i v i t y  i n  d i l u t ions o f  the enzyme f rom 1 : 5 t o  1 : 30 .  
They furth e r  as s e r t  the p rob l em o f  c omp a r ing s t ud i e s  i n  ce l l u l a s e  
a c t ivi t y  a n d  conclude  tha t t h e  mo s t  s p e c i f i c , sens i t ive me t h o d  i s  t h e  
vi s come t r i c  me thod f o r  e s t ima t i on o f  end o- ce l l u l as e  a c t ivi t y . They a l s o  
no t e  t h e  cont inued l a ck o f  a n  assay wh i ch c a n  q uan t i t a t e  t h e  exo-
c e l l ul as e  ( ce l l obiohy d ro l a s e ) comp onen t in un f ra c t iona t e d  c u l t ure 
f i l t ra t e s . I 
D ime t hyl S u l foxi de 
1 As p revi ous l y  men t i one d , va rious  induce rs  ( 7 ,  4 1 , 6 1 , 6 7 , 6 8 , 
7 9 ) , growt h  i nh ib i t o rs ( 1 0 6 , 1 2 4 ) , s t imul a t o r s / a c t iv a t o rs  ( 4 1 ) and 
enhance rs ( 6 8 ,  9 6 )  have been emp l oyed  in the  s e a r ch t o  imp rove ce l l ulase  
yie l ds f rom T .  rees e i  s t r a i ns . At l eas t one me thod ( Tween 80 a d d i t ion ) 
is pos tul a t e d  a s  f a vo rab l y  af f e c t ing the rel ea s e  o f  enzyme th rough the  
cell membrane ( 9 6 , 1 25 ) . Such manipulations via cell t reatment or  
s t imulation leads to a search for  o the r s imilarly a c t ing chemi cal s  and 
compounds no t unl ike that encountered in the search for  a solven t 
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cap ab le of  s olub il i zing cellulose ( i . e . ,  cadoxen , me tal amine complexes , 
e t c . ) (51 , 5 6 ) . 
One po tent ial c andidate is the ap ro tic so lvent ( 89 )  d ime thyl 
sul foxide (DMSO ) .  DMSO is  no ted for  its  use as a therapeutic  agent and 
as a carrie r  for i t s  ab ility to pene t rate the skin in top i cal app li ca-
t ions ( 132 ) . W ey e r  ( 1 3 2 )  reviews some medical and clini cal app l ica-
t ions o f  DMS O  in this capacity . Technical applica tions o f  DMSO involve : 
cold solubilization o f  s t arch , solubilization of  nit ro cel lulose , 
solub il ization o f  lignin and hemicelluloses , a solvent f o r  p ro teins , 
use in the manuf ac ture o f  sugar es ters o f  fatty acids , as a c ry ogenic 
agent , as a carrier liquid for herbi cides , insec t i cides , and bac t e ri-
cides , influencing the up take of transition metals in p lant s , and other 
app licat ions (46 ) . 
Franz and Van Bruggen ( 3 2 )  investigated the mechanism of  the 
penetrating ac tion of DMSO us ing f rog skin as a rep resentat ive t i s s ue 
memb rane . In thei r  s tudy they found a three-fold inc rease wi th sod ium 
ion and a six- fo ld increase with chloride ion in the ra te o f  influx 
through the memb rane in the p resence of  2 . 5 % DMSO .  None lec t ro ly te 
mate ria ls (ure a , mannito l and sucros e )  also moved across the memb rane 
mo re rap i dly in the pre sence of DMSO ( 3 2 ) . The se authors noted that no 
pe rmanent change in the memb rane was e f fected by 5% DMSO ,  requiring 
only a rinse and the memb rane returned to no rmal parame t e rs . Rammle r  
( 8 8 )  found that DMSO has a s timulatory e f fec t  on several enzyme 
catalyzed hyd rolytic  react ions . 
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Closer to the application of DMSO on microorganisms is the s tudy 
by De Bruij ne and Van Steveninck ( 2 3 )  in whi ch a yeas t ( Sac charomyces 
ce revi siae ) was used to s tudy the phenomenon of asymme tri cal influx and 
e f f lux o f  DMSO through the yeas t cell membrane . They dete rmined that 
DMSO pene t rates the yeas t  cell membrane wi th simp le f i rs t-o rder kinetics ; 
no ac tive t ransport is invo lved in the p roce s s . Thes e  authors found a 
discrepancy between growing yeas t cells and mature o r  res t ing s t age 
yeas t cells . In growing cel ls the rate of  influx app roximate ly equale d 
the rate of efflux f rom the cell ( 2 3 ) . In res t ing cel l s  the rate o f  
efflux was s ignificantly highe r than the rate of influx ( 2 3 ) . They 
s ugges t tha t this may be due to a membrane s t ruc tural and funct ional 
change during the life cycle of the yeas t cell ( 2 3 ) . 
DMSO has a s t imul atory effect on vege tative growth o f  a number 
o f  bacteria , yea s t s  and molds . He rs chler ( 4 7 )  found that low levels 
( 20-5 00 ppm) of  DMSO added to convent ional growth or  p roduct ion media 
e f fe c t ively s t imul ated vegetat ive ce ll growth while dep res s ing spore 
fo rmation . He found that the addi t ion o f  DMSO inc reased  the yield 
and /or  dec reased the p roduction time o f  des i rab le microb ial me taboli tes 
such as enzymes , al coho ls , polysaccharides , etc . Con cen t rations above 
3% by weigh t  o f  DMSO have a bio cidal or biostatic effec t . Ae rob ic 
p rocesses (an t ibiotic fe rmentations , sewage t reatment , e tc . )  respond 
b e t ter to DMSO addit ion than anaerobic p rocesses ( 4 7 ) . 
The purpose  o f  this s t udy was to inve s t igate the p roduc tion of 
Trichoderma reese i cellul ase at pilo t  plant s cale emp loying used dairy 
equipmen t .  Bas ic product ion methods and requi rement s  for p roduc t ion 
were inve s t igated as wel l  as the l imi ts of thi s sys t em . 
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The e f fec t s  of d ime thy l sul foxide on a highe r mut an t  of T .  
reesei (MCG 7 7 )  were also inve s tigated in laborato ry shaker flask s t udies . 
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MATERIALS AND METHODS 
S t o ck Cul t ur e s  
Tri chode rma re e s e i  s t rain s QM9 4 1 4  and MCG7 7 we r e  ob t ai ne d  f rom 
Dr . Ma ry Mande l s , U . S .  Army Na t i ck Re s e a rch and Deve l opmen t Command . 
Na t i ck , }1A . 
S t rain QM9 4 1 4  was main t a in e d  on Po t a t o  Dext ro s e  Aga r ( BBL)  
s l an t s . S t rain MCG 7 7 was ma i n t ain e d  on a 1 . 5 % a ga r  s l ant  con t a i ning  
Vo ge ls  s a l t s  ( 1 2 9 ) s upp leme n t e d  wi th 1%  Solka Floc  BW2 0 0  ce l l ul o s e  
(Brown Co . , B e r l i n , N H ) , 5 . 0 mi c rog r ams / 1  b i o t i n , 0 . 5 % y e a s t e x t r a c t  
and 0 . 5 % g l y c e ro l  ( 6 2 ) . S l an t  cul t u res  we re s t o re d  a t  4 ° C an d t r ans ­
f e r re d  once p e r  mon t h . 
MCG 7 7 d e t e r i o r a t e s  wi t h  s e ve r a l  p as se s  on al t e rna t e  me d i a  ( 6 2 )  
the r e f o re a mo r e  dependab l e  s t o ck cul t ure re s e rvoi r was d e s i re d . Soi l 
s t o cks we re ma d e  f o r  s p o re s t o rage f o r  b o t h  Q}19 4 1 4  and NCG7 7. 
S o i l  S t o ck P ro c e dure . A good loamy s o i l  was d r i e d  f o r  5 d ay s  
a t  60 ° C  in a conve c t i on ove n and s c reened . App roxima t e ly 3 g o f  s o i l  
was t ran s f e r r e d  t o  e a ch 1 6  x 1 5 0  mm t e s t t ub e  and c o t t on p l ugge d . The 
t ub es  p l us s o i l  were  a u t o c lave d for  2 0  min a t  1 2 1 ° C , 1 5  p s i  s t e am , fas t 
exhaus t e d  and  d r i e d . The me d i um was then re t urne d t o  the c o nve c t i on 
oven ( 6 0 ° C ) f o r  4 8  h .  The t e s t  t ub e s  p l us s o i l we re coo l e d  t o  room 
tempe rat ure an d t h e  c on t e n t s  o f  one t ube t rans f e r r e d  a s cep t i c a l l y  t o 
100 ml o f  a 1 %  g l u co s e  n u t rient  me dium and incub a t e d  a t  30 ° C  f o r  4 8  h .  
The nut r i e n t  med i um was che cked  fo r g rowth  mi c ro s c op i c a l ly . 
Fo r s p o re ino c u l um the  o r i ginal MCG 7 7 c ul t ur e  was  t rans fe r re d 
once t o  the MCG 7 7  ma in t e nance  me d i um t o  minimi ze  any d e t e ri o ra t i on th a t  
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mi gh t b e  inc u r r e d  b y  mul t ip l e  p a s se s . QM9 4 14 wa s al so c ul t ured  o n  the 
MCG 7 7  maintenance med i um .  The o rgani sms were c ul t ur e d  i n  p e t r i p l a t es 
( 2 5  ml med i um / p l a t e )  f o r  maximum sur f a c e  exp o s u re an d a heavy spore 
c ove r .  By ino c ul a t ing in the cen t er o f  the pe t ri p l a t e  an o u tward 
p ro g r e s s ing r ing o f  myc e l i um and s p o r e s  f o rmed in 7 t o  1 0  d a y s  a t  30 ° C . 
A 2 x 2 x 1 em t r i angu l a r  s e c t ion o f  agar and c ul t u r e  was 
ascep t i c a l l y  r emoved f rom the o u t e r  r ing of th e cul t u r e  and p l a ce d  in a 
s t e r i l e  pe t r i  d i sh f o r  washing . Spo res were washe d o f f  the s e c t i o n  
us ing 0 . 5  ml o f  s te ri l e  d i s t i l l e d wa t e r  a n d  a 1 ml p i p e t . A heavy s p o r e  
s us pens ion r e s u l t ed o f  wh i ch 3 t o  5 d rops were a s ce p t i c al l y  t rans f e r r e d  
to  the  s o i l  me d i um .  The c l o t  o r  b a l l  tha t f o rme d up on a d d i t i on o f  the 
spore  s uspens ion t o  the d ry s o i l  was b roken up by mixing w i t h  a s t e r i l e  
pas t eur p ipe t wh i ch ha d t h e  c ap il l a ry end f l ame se a l e d . The spore  
s uspens ion was m i x e d  t ho rough l y  w i t h  t h e  so i l  f o r  e v e n  d i s t r ib u t i on and 
the tub es l e f t a t  room t empe ra t ure f o r  5 days  b e f o re s t o r in g  a t  4 ° C .  
S t ock cul t ure s were in t ri p l i c a t e f o r  e a ch s t ra in . 
The s o i l  s t o c k s  a l lowed  re t u rning to  t he spo re s  f rom t h e  f i rs t  
pass  o f  the  o r iginal  MCG 7 7  cul t ure avo i d i ng p o s s ib le mut a t i on o f  t h i s  
s t rain f r om p a s s ing on a g a r  med ia . Trans f e r  o f  t h e  s o i l  s to ck t o  t h e  
main t enance med i um may b e  f a c i l i t a t ed wi t h  a l o op f ul o f  s o i l a s  ino cu­
l um . An a c t ive c ul t ur e  o f  MCG 7 7  s t rain was  ma in t a in e d  f o r  sp o re ino c u-
lum by s u c ce s s ive p as s ing on the mai n t enanc e  med ium f o r  two t o  t h r e e  
trans f e rs b e f o r e  r e t u rning t o  t h e  so il s t ock f o r  n e w  ino c ul um .  The 
QM9 414  c ul t ure was p as se d  s u c c e s s ive!� wi t h  no apparent  de t e r io ra ti on . 
The s o i l  s t o ck was use d when the tran s f e r  sequence wa s in t erup t e d  by 
ext ende d  p e r i o d s  o f  t ime b e tween exp e r imen t s . 
4 2 
Media 
MCG 7 7  Maintenance Medium . The MCG 7 7  maintenance medium us ed the 
Vogel s salts solution ( 1 2 9 )  according to the formula of Dr . Gal lo ( 6 2 ) . 
A SOX s to ck solution of the Vogels  salts was prepared by adding 
to 700 ml dist illed water : 150 g Na3 Cit rate • 5Hz0 (or  1 1 7  g Na3 
Ci trate · 2Hz0) , 250 g KH2Po4 , 100 g NH4No3 , 10 g Mgso4 · 7H2o ,  5 g 
CaCl z · 2H20 and 5 ml each of  the Vogels trace element solut ion and 
b io t in so lution . The medium was d iluted to 1 l iter and s t o re d  at room 
temp era ture . 
The Vogels t race element solut ion was p repared by add ing to 
90 ml dist illed water : 5 g Cit ri c  acid monohydra te , 5 g ZnS04 · 7H2o ,  
1 . 0  g Fe (NH4 ) 2 ( so4 ) 2 · 6H20 ,  0 . 25 g Cuso4 • 5 H2o ,  0 . 05 g MnS04 · 4H2o ,  
0 . 05 g H3Bo3 , 0 . 05 g NaMoo4 
· 2H2o .  The so lut ion was diluted to 100 ml 
with dis t illed water . 
The b io t in solution was p repared by adding 5 mg bio t in ( S igma ) 
to 100 ml of 50%  e thanol and dis tilled water .  
Addition o f  the SOX Vogels solut ion was 2 0  ml per l i ter o f  
�m plus 0 . 5% yea s t  ext ract , 0 . 5% glycerol , 1% BW2 00 cellulose and 
1 . 5% agar . Af ter auto claving , the medium was allowed to cool until i t  
began t o  gel bef ore pouring petri p lates o r  setting s l ants to  mainta in 
suspens ion of  the cellulose . 
The cellulo se sub s t rate employed W<E Solka Floc SW-4 0 or  BW200 
(Brown Co . ,  Berlin , NH) . Solka Floc is a purified form o f  alpha­
cellulose derived from sp ruce wood of  app roximately 9 5 %  puri t y  in 
40 
mesh ( SW-40) or  200 mesh (BW200)  f ibers . 
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QM9 4 1 4  P ro d u c t io n  Me d i um .  The QM9 4 1 4  p rod u c t ion med i um was 
p r epared  as d e s c r ib e d  by Mande ls ( 6 3 )  omi t t in g  the urea and s ub s t i t u t ing 
y ea s t  e x t ra c t  f o r  p r o t eo s e  p e p t one . The QM9 4 14 pro d u c t i on me d ium c on­
t a ine d p e r  l i t e r : 1 . 4  g ( NH4 ) 2 s o4 , 2 . 0  g KH2 Po4 , 0 . 3  g CaC1 2 , 0 . 3 g 
Mg so4 · 7H 2 0 ,  2 m l  Tween 80  and 1 ml t ra c e  e l ement  s o l u t i on . 
The t r a c e  e l eme n t  s o l u t ion f o r  the QM94 1 4  p r o d u c t i on me d i um 
con t ai ne d : 4 9 5 m l  d i s t i l l e d  wat e r ,  5 ml concen t ra t e d  HCl , 2 . 7  g Fe s o4 · 
7H2 0 ,  0 . 7 7  g Mnso4 · H 2 o ,  0 . 8 3 g ZnC1 2 and 0 . 5 5 g Co C1 2 f o r  a t o t a l  
vo l ume o f  5 00 ml . The c on c en t ra t ion o f  t ra c e  e l emen t s  i n  the f in a l 
me d i um l o  1 ppm o f  i ron , 0 . 5 ppm o f  manganes e , 0 . 8 ppm o f  z in c  and  
0 . 5 ppm o f  cob al t . 
Ce l lu l o s e  as  So lka Fl o c  SW- 4 0  o r  BW2 0 0  was adde d a t  0 . 7 5 t o  4 %  
w/v . Y e a s t e x t ra c t  wa s a d d e d  a t  a l eve l o f  two- t en ths the c e l l ul os e  
concen t ra t i on emp l oyed .  
MCG 7 7  P ro d uc t i o n  Me d i um .  The MCG 7 7  p ro d u c t ion me d i um c on t a in e d  
t h e  same co nc e n t ra t i on s  o f  ni t rogen , p o t as s i um ,  phospha te  a n d  ca l c ium 
as the QM9 4 1 4 p ro d uc t i on me d i um but  u t i l i ze d  high e r  l ev e l s  o f  magne s i um 
and t r a c e  e lemen t s  ( 100 ) . 
The MCG 7 7  prod u c t ion me d i um cont a in e d  per  l i t e r : 1 . 4 g 
(NH4 ) 2 so 4 , 
2 . 0  g KH2Po4 , 0 . 3 g CaC1 2 , 0 . 6  g MgS04 · 7 H 2 0 , 
2 rnl Twe e n  80 
and 1 ml t ra c e  e l emen t  s o l u t i on . The sal t s  for  this med i um w e re p re­
pare d  in a SOX s o l ut i o n  co n taining per  l i t e r : 7 0  g (NH4 ) 2 so4 , 1 00 g 
KH2Po4 ,  30 g Mgso4 • 7H2 o and ma de t o  vol ume wi th d is t i l l e d w a t e r .  The 
sol u t ion was s to re d  a t  4 ° C .  Add i ti o n  of the S OX s o l u t ion wa s 20 rnl p e r  
l i t e r  o f  me d i um .  Ca l c ium wa s add e d  a s  a 3 ml a l i q u o t  o f  a 1 0 %  w / v  
Ca Cl 2 so l u t i o n  p e r  l i t e r  o f  me d i um .  
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The MCG 7 7  t ra c e  e l eme n t  sol u t ion c on t a in e d : 4 9 5  ml d i s t i l l e d  
wa t e r , 5 m l  c o nc e n t r a t e d  HCl , 5 . 0  g Fe so4 
· 7 H 2 o ,  1 . 6  g Mn s o4 · H 2 o ,  
0 . 6 6 5  g Zn C l 2 and 2 . 0  g CoCl 2 f o r  a t o t a l o f  5 00 ml . The c o n cen t ra t i o n 
o f  t ra c e  e l emen t s  in t he f in al me d i um i s  2 . 0  ppm o f  i r on , 1 . 0 ppm o f  
mang ane s e , 0 . 6 4 p pm o f  z in c  and 1 . 8 2 ppm o f  c oba l t . 
Ce l l ul o s e  a s  S o lka F l o c  BW2 00 was ad ded  a t  a 1 . 0 % w / v  l ev e l . 
Yeas t e x t r a c t was a dd e d  a t  a level  o f  two- t e n t h s  the c e l l u l o s e  l e ve l  
( o r  0 . 2 % a t  t h e  1 %  c e l l u l o s e  l e vel ) .  
Prod u c t i o n  
Ino c u l um .  S p o r e  i no c u l um f o r  b o th the QM9 4 1 4  an d MCG 7 7  was 
ob t ai n e d  f rom 7- t o  1 4 - day-o l d  main t enance me d ium p e t r i p l a t e  c u l t ures . 
Sp ores  we r e  wash e d  as in t h e  s o i l  s t o c k  c u l t ur e  p ro ce d u r e  e x c ep t  1 ml 
o f  d is t i l l e d  wa t e r  was emp l oyed  and 0 . 4  ml of  the  spore susp e n s i o n  wa s 
us e d  as i no cu l um .  Aga r - c u l t ure s e c t ions  f rom t he o u t e r r i n g  o f  t h e  
pe t r i p l a t e  c u l t ur e  we r e  se l e c t e d  fo r wash ing a c c o r d in g  t o  S t avy , S t avy 
an d Gal um ( 1 1 5 ) . 
QM9 4 14 Ino c ul um . QM9 4 1 4  spores  we re t rans f e rre d in t o  2 5 0  rn l  
e r l enme y e r  f l as k s  c o n t aining 100 ml s t e r i l e  QM9 4 1 4  p ro d u c t i o n  me d i um 
wi th a 0 . 7 5 t o  1 . 0% c e l l ul o s e  l eve l . The f lasks we re i n c ub a t e d  a t  2 9  
to 30 ° C o n  a N B S  Ben ch- To p  r e c ip r o c a t ing shak e r  (New B r unsw i ck 
S c ien t i f i c , Ed i s on , N J .  a t  2 5 0  rpm f o r  2 4  t o  4 8  h un t i l  good my c e l i a l 
growth was ob t a ine d . Grow th was che cked by mi c ro s c op i c  examinat ion  and  
ind i c a t e d  by a d rop in pH  f r om 4 . 8  to  < 3 . 0 .  The c ul t ur e  was  
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as cep t i ca l l y  t rans f e r re d  t o  a s t e ri l e  2 50 m l  b l e n d e r  j ar and homogenized  
f o r  30 t o  6 0  se cond s o n  an Os t e r i z e r  bl ende r . Fragmen t a t i o n  o f  the 
c ul t ure in t h i s mann e r i s  known t o  in c r e as e  the e f f i ci en c y  of  a fungal  
ino c u l um ( 31 ) . 
Two h un d r e d  ml o f  the f ragme n t e d  c ul t u r e  was u s e d  t o  ino c u l a te 
5 1 o f  s t e r i l e  QM94 14 p r o d u c t ion med i um con tai ning 1%  c e l l u l o s e  in a 
7 . 5  1 N B S  }li c ro Fe rm labo r a t o ry f e rmen t e r . Fi l t e r  s te r i l e  a i r  was se t 
a t  2 . 0  1 /min , ag i t a t i o n  a t  2 5 0- 4 00 rpm , and t emp e r a t u r e  con t r ol  a t  2 8 ° C . 
The c ul t u r e  was in c ub a t e d  f o r  2 4  t o  4 8  h and che cked  i n  the  s ame mann e r  
a s  the shake r c u l t ur e . P i l o t  p l an t  r un s  u t i l i z e d  the 5 1 N B S  M i c r oFe rrn 
c u l t u re as i n o c u l um .  Onl y  QM9 4 1 4  was r un a t  p i l o t  p l an t  s ca l e . 
The p il o t  p l an t  f e rmen t e r  was a 7 5 7  J s t a in l e s s  s t ee l  d a i ry 
cul t ure ve s s e l  ( Cr e ame ry P a c kage Corp . , Ch i c ago , IL)  e q u ipp e d  w i th 
ag i ta t i on , p H  moni t o r / c on t ro l  ( El e c t ro f a c t - Cont rol Da t a  Co rp . , 
Minneap o l i s , MN ) , hea t in g / c o o l i ng c o i l s  an d f i l t e r s te r i l e  a i r s upp l y . 
A 1 9  1 p o l y e t h y l ene r es e rvo i r  p rovi d e d  2N NH 4 0H f o r  p H  adj u s tme n t  v i a  
p H  f ee db a c k  and  c e l l onoi d c on t rol va lve s . The pH c o n t ro l  was f req u e n t l y 
man ual . An t i f o am C (Dow Co rnin g )  was a d d e d  as nee d e d  man ua l l y . 
S ca l e - up o f  the  QM 9 4 1 4  p ro d u c t ion me d ium to the  w o rk i n g  vo l ume 
o f  1 9 0  1 was a c c omp l ishe d by a d d ing to t ap wa t e r :  the s tandard  sal t s , 
yeas t ext r a c t  ( a s  Mil b rew DBY s e r i e s  #1 , Ambe r  Lab o r a to r i e s , J uneau , 
W I )  and 0 . 75-4 % w / v  c e l l ul os e  ( So lka Flo c ) . The s e  ing r e d i e n t s  we r e  
boiled f o r  10 min i n  t h e  vess e l and coo l ed t o  lO o C .  This p ro ce d u r e  was 
rep eated and the me d ium s amp l e d  for con t aminan t s . The t race e leme n t s  
and Tween 80  a d d i t ions w e r e  aut o c l aved separa t e  f r om the me d i um and 
added p rior to inoculation . The t empe rature was adj us ted to and main­
tained at 2 8 ° C  for  p roduc t ion . 
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The 5 liters of cul ture propagated in the NBS MicroFerm provided 
a 2 . 6% v/v ino culum to the p ilo t plant batch . An NBS f ermenter cul ture 
was run in parallel to  the p ilot  culture by add i t ion of f resh s terile 
medium to the NBS fermenter and reinoculated wi th a s imil ar ino culum 
vo lume . Figure 4 il lus t rates the method employed . 
MCG 7 7 Ino culum .  Spo re ino culum for the MCG 7 7 expe rimen ts wa s 
ob tained in the s ame manner as the QM9 414 procedure . The MCG 7 7  
my celial ino culum was ob tained by incubating the spo res in 2 5 0  ml 
erlenmeyer f lasks containing 100 ml MCG7 7 product ion medium us ing 1% 
lactose ins tead of cellulose . The lactose MCG7 7 medium p rovided a 
clear , amber-colored solution in which a contaminated cul ture would 
of ten appear as o f f-colored , grayish mycelium allowing mac ros cop i c  
observat ion of cul ture quali ty . Contamination was rarely encountered . 
Incubat ion conditions and cul ture t reatments were ident ica l  to the 
QM9414 p ro cedure . 
For the dimethyl sul foxide (DMSO) experiment , s ix 1 l i ter  
erlenmeyer flasks containing 500  ml  each of  s terile MCG 7 7 p ro duc t ion 
medium at 1% cellulose ( BW200 ) were inoculated with 5 ml/ flask of a 
fragmented 24- to 4 8-ho ur-old MCG7 7 cul ture . DMSO levels were 0 ppm 
( contro l ) , 50 ppm, 100 ppm,  2 00 ppm , 300 ppm and 400 ppm using f ilter 
s terile DMSO . The fla sks were incubated on an NBS Gyra tory shaker with 
environmental chamb er at 2 8-30 ° C  and 300 rpm . The cul tures were 
checked for contaminants  via Gram stain at 24 h .  The p H  was checked 
by a s e p t i ca l ly removing 2 ml of culture using a s t erile 10 ml wide 
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bore p ip e t  a n d  t rans f e r r ing to a n  1 8  x 1 5 0  rom t e s t t u b e  fo r p H  measu re­
ment t o  the  n e a re s t 0 . 0 1 un i t  wi th a Corning mod e l  1 30 pH me t e r . The 
pH was mon i t o r e d  by mea s u r ing s amp l e s  taken at approxima t e l y 24 h ,  t h en 
at 36 , 4 2 ,  4 8 , 6 0 , 7 2 , 7 4 , 7 6 , 7 8 , 80 , 84 , 9 0  and 96 h .  The  pH was 
adj us t e d  to > 3 . 0 to < 3 . 5 b y  add i t ion o f  6 . 5 N NH4 0H d ropw i s e  t o  t h e  
c ul ture . T e n  s amp l e s  f o r  enzyme as say we re d rawn a t  4 8 , 6 0 , 7 2 , 7 4 , 7 6 , 
7 8 ,  80 , 8 4 , 9 0  and 9 6  h .  Fo r e nzyme s amp le s , 5 ml o f  c ul t ure was 
removed ,  c e n t r i f ug e d  a t  h i gh speed on a l ab c en t r i f ug e , t h e  s up e rna t a n t  
f l ui d  c o l l e c t e d  in 1 3  x 1 00 rom t e s t  · t ube s , capp e d  w i t h  p a r a f i lrn and 
re f ri ge ra t ed at 4 ° C  un t i l  a s s ay e d . 
Fo r the  whe y- c e l l ul o s e  exp e r iment , Amb e r  SWP , s e r i e s  1 ,  d emin­
e r al i z e d  whe y  p r o d u c t  (Amb e r  Labora t o r i e s , J une a u , WI ) was u s e d  as a 
s o u r ce o f  l a c t o s e . Thi s  p ro d uc t con tained 86 . 5 % l a c t o s e , 9 . 5 % p ro t e i n , 
1 . 0% a s h , and 3 . 0 % mo i s t ure . 
Sa c cha r i f i c a t ion 
Sa c ch a r i f i c a t i on o f  f ine ly ground newspap e r  a s  a r e p r e s e n t a t ive 
wa s t e mat e r ia l  was p e r f o rmed on l ab and p i l o t  plant s c a l e  b y  emp l oy ing 
enzyme p ro d u c e d  on the p r oj e c t . Th e newspap e r  was 6 3 . 5 %  c e l l ul o s e  as 
ana ly z e d  b y  the  f o rage  f ib e r  pro cedure . Red u c ing s ug a rs w e r e  me asured 
by the  dini t ro sal i c yl i c  acid  (DN S )  me tho d . 
Labor a t o ry sa c cha ri f i cat ions were p e r f o rmed i n  t h e  NBS Gy ra t ory 
shaker w i th envi ronme ntal  chamb e r  a t  5 0 ° C  and 250 rpm . The pH was 
ma in t a ined at 4 . 8  by 0 . 05 M s o d i um c i t ra t e  b u f f e r  as  d i l ue n t  or by 
adj us tme n t  of the enzyme using  1 M  sod i um c i t ra t e  b u f f e r  ( 6 3 ) . 
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The p ilot plan t  s ac charif ica tion was ac compl ished by harves t ing 
app roximately 1 70 1 o f  cellulose cul ture fluid p roduced in Run #2 us ing 
s t rain QM9 4 14 . This f luid was crude filtered through a dairy sock 
f il ter (Kendal l D-5 7 7 )  to remove mycelium and t rans fe rred to  a 1 300 1 
dairy p as t eurization vessel (Girton Dairy Eq . ,  Millville , PA) e quippe d 
with agitation ( 40 rpm) and temperature control . The enzyme was 
assayed at 2 . 6  IU/ml and was diluted for saccharification 7 0 : 30 ,  c rude 
enzyme s olution t o  water . A 5 %  w/v newsp aper slurry was ob tained by 
adding 12 . 15 Kg of f inely ground newspaper to  the diluted enzyme . 
Temperature cont rol was s e t  to  maintain 5 0 ° C  and a pH o f  4 . 8  was 
obtaine d by addi tion of 7 5 0  ml of 1 M  sodium citrate b uf fer (pH 4 . 8) .  
The total vo lume was 243  1 and to tal t ime o f  saccharification was 24 h .  
Ass ays 
Glucose as reduc ing s ugar was measured by the dini t rosalicyl i c  
a c i d  (DNS ) me thod a s  mod ified b y  Miller ( 7 1 ) . A stand ard curve us ing 
reagent grade anhydrous glucose was prepared with each analy s is . The 
range for the s t andard curve was 0 . 2 5 to 1 . 25 mg glucose /ml in inc re­
ments  of 0 . 25 mg for 5 points . The s tandard curve was p lo t ted as 
absorbance vs . mg glucose /ml from spec t rophotome ter readings ( Spec tro nic 
20 , Baus ch and Lomb ) . The l ine of  bes t f i t  for the c urve was calculated 
using the method for 5 points in the A . O . A . C . , 1 3th editi on , section 
4 2 . 200 . 
The cell ulas e  enzyme was measured us ing the f il te r  paper assay 
for  complete cel lulase according to �ndels e t  al . (64 ) a s  mod if ied by 
Montencourt and Eveleigh ( 74 ) . Whatman #1 filter  pap e r  cut into 1 x 6 
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em s t ri p s  (50 mg ) wa s t he s ub s t ra t e . The s t rips  we r e  c o i led and p l a c e d  
i n  1 8  x 150 mm t e s t  t ub e s  and 1 m l  o f  0 . 05 M s od i um c i t ra t e  b u f f e r  ( p H  
4 . 8 ) w a s  added . The e nzyme wa s d i l u t e d  wi th the s od ium c i t r a t e  buf f e r  
t o  an t i c ip a t e  a reduc i ng s ugar va lue within the s t an d a r d  curve range . 
Two d i l u t i ons p e r  e nzyme s amp l e  we re assay e d  in t r ip l i c a t e . Th e e n z yme 
a c t iv i t y  in IU/ml was d e r ive d f rom the d i l u t ion whi ch f e l l  wi t h i n  the 
0 . 5  to  1 . 0  mg /rnl r e d uc ing s ugar range used by Mon t encourt  and  Eve l e i gh 
( 7 4 ) . Th i s  me t h o d  resul t s  in h ighe r  apparen t ac t iv i t y  than the me th o d  
o f  Mande l s  e t  a l . ( 6 4 ) b u t  i s  a mo re - c o nve n i e n t  me thod  o f  a s s ay ing t h e  
e n z yme s in c e  l e s s  d i l u t ions a r e  involved  whe n  a l arge numb e r  o f  s amp l e s 
are t o  be as s ay e d  ( 7 4 ) . I n  the eve n t  of  b o th d i l u t io n s  r e s u l t in g  in  
reduc ing s ug a r  v al ue s  f a l l ing  in the 0 . 5  to 1 . 0  rng range , t h e  c o r re ­
spond ing I U /rnl a c t iv i t y  was ave rage d . 
One-hal f ml o f  enz yme s o l u t i o n  was a d d e d  t o  the t ub e s  and 
i n c ub a t e d  f o r  1 h at  5 0 ° C  i n  a c i r c u l a t ing wa t e r  b a th . Th e r e a c t i on 
was s topp e d  by a dd i t i o n  o f  3 ml DNS reagent and the t ub e s  p l a c e d  i n  a 
b o i l ing wa t e r  b at h  f o r  5 min . The t ub e s  we re al l owe d t o  c o o l  and the  
s o l u t ion d i l u t e d  to  2 0  ml w i t h  d is t i l l ed wat e r . The t ub e s  w e r e  
inve rted  s e veral t imes f o r  mixing and r e ad o n  t h e  s p e c t roph o t ome t e r  a t  
550 n m  f o r % t ransmi t t an c e  ( % T ) . P e r ce n t  T was conv e rt e d  t o  ab s o rb an c e  
and the gluco s e  produc e d  ( a s  reduc ing s ugars ) read f rom t h e  s t andard 
curve p lo t . The redu c i ng s ugar va l ue f rom the ave rage of the t ri p l i­
c a te s was c o r re c te d  f o r  res i dual gl ucose in the enzyme by a s s ay i ng 
enzyme b l anks f o r  reduc i ng s uga r s . · Un i t s  o f  enzyme we re c a l c u l a t e d  
f rom the equa t i on : 
(mg glucose x d ilut ion) x 0 . 1 85 = FPU/ml (Filter Paper Unit s / ml )  
o r  IU/ml ( International Uni ts /ml ) . 
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The abs orbance readings from the spec tropho tome ter we re sub­
j e cted to analy s i s  of variance procedure ( 1 16 ) . The yield rela tionships 
for each dilution were also che cked by analysis o f  variance . 
The cellulose con tent of  the newspaper was determined by the 
fo rage f iber analysis  method ( 3 5 ) . 
RESULTS AND DI S CUS S I ON 
P i l o t  P l ant Run s U s i ng QM9 4 1 4  
En zyme P r o d u c t io n . Th e pH p ro f i l e  o f  T .  re e s e i  in s ubme rge d 
cul t ure ce l l ul as e  p ro d u c t i on i s  use d  a s  an indi c a t o r  o f  g r ow t h  and 
c e l l u l a s e  p r o d uc t i on in c e l l ul o s e  b a s e d  med i a  ( 1 1 8 ,  1 2 0 ) . Grow t h  i s  
in d i c a t e d  b y  t h e  rap i d  d rop i n  p H  a f t e r  ino c ul a t i on and c e l l ul as e  
ac t i v i t y  co r re s p o nd ingly r i s e s  wi th t h e  pH  i n  t he l a t e r  s t a g e s  o f  
f e rmen t a t ion . The p H  r i s e  c an thus b e  used a s  a n  ind i re c t  me ans o f  
d e t e rmi ning whe n  t o  h a rve s t  t h e  enzyme . 
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The 1 9 0  1 p il o t  p l an t  runs a t  0 . 75 ,  2 . 0 and 4 . 0 % c e l l ul o s e  
p roduced  d i f f e re n t  p H  p ro f i l e s  ( F i g . 5 ) . The p ri n ci p l e  d i f f e r e n c e s  a r e  
the t ime r e q u i r e d  f o r  the pH t o  d r op t o  the con t ro l  p o i n t  o f  3 . 0  and 
the t ime r e q ui r e d  i n  a ch i e ving the s ub s e q uent  p H  r i s e . The s e  d i f f e r ­
e n c e s  are mos t  app a re n t  i n  t h e  4 . 0% c e l l u l o s e  cul t ure me d i um . Th i s  
me d i um  d i s p l ay e d  a vis ib l e  in c re a se in vis co s i t y a s  g r ow t h  e n s ue d . Th is 
f a c t o r  i s  b e l i eved  t o  have imp e d e d  O h� gen t rans f e r  and p r op e r  mi xing  in 
the  p ro d u c t i on ves se l . Al t h o ugh the vi s c o s i t y  ch an ge and mixin g 
p robl ems were no t as app a ren t in the 2 %  c e l l ul o s e  me d i um r uns , these 
f a c t o rs n o  d o ub t  con t ri bu t ed to the l onge r p roduc t i on t ime and t o  the 
r es u l t ing y i e l d s  i n  t he p i lo t p l an t  ve s s e l . 
The d e s i g n  o f  the p i l ot p l ant  ves se l i s  n o t  op t ima l f o r  oxy gen 
t rans fe r .  The he i gh t  ( o r  dep th ) of the work ing vo l ume o f  the ves s e l  is 
exceeded b y  the diame te r . Thi s  f a c t o r  does no t a l l ow for e x t ended 
contact  o f  the air  wi t h  the med i um ( 1 1 3 ) . H i ghe r cel lulos e  levels in 
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Figure 5 .  P i l o t  p lant p H  p ro f i le s  f o r  s ubme rged c u l t ure ce l l u l ase p ro d u c t i o n  us i ng !·  reesei  
QM9 4 1 4  on QH9 4 1 4  p rodu c t io n  med i a  a t  0 . 7 5 /�  w / v  ce l l u l ose C • ) , 2 /:.  w/v  c e l l u l o s e  
( A ) ,  and 4 %  w / v  ce l l u lose C e ) . 
V1 
w 
in the ves s e l . The advant ag e s  of  op t ima l f e rmen t e r  d e s i gn a re seen 
. when a comp a r i s on i s  ma de o f  the NBS lab fe rment e r  run in para l l e l  to  
th e p i l o t  p l an t ( Ta b l e  1 ) .  The NBS  p a ra l l e l  cul t ure shows  a highe r 
enzyme ac t i vi ty in a sho r t e r  t ime in  a l l  cases  f o r  the 2 and 4 %  c e l l u­
l o s e  me di a . 
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Va r i a t i o n  in the pH p ro f i l e  o f  the p i l o t  p l an t  r un s  f rom those  
rep o r t e d  by  S te rnbe rg and Do rval ( 1 2 0 )  are due  t o  the  ino c u l um l eve l s  
emp l oyed . S t e rnbe rg  and Dorva l ( i b i d . )  use d  a 1 0 %  v / v  i no c u l um vs . the 
2.6% ino c u l um l ev e l  avai l ab l e  in this s t udy . The above a u th o r s  en­
coun t e re d  d i f f i c u l t i e s  i n  the 8% c e l l u lose me d i um  s imi l a r  t o  those  
ob se rve d in t h i s  work f o r  the  p i lo t  p l ant runs a t  the 4 %  leve l . 
S t e rnb e rg and Do rva l ( 1 2 0 ) reme d i e d  t h e  l ag and l ow p roduc t i o n  i n  the 
8 %  ce l l ul o s e  med i um by in c reas ing  the ino cu l um l eve l to 2 0 % . In the 
p i l o t  p l an t  runs us i ng the 4% ce l l ul ose  med i um in t he p re s e n t  s t udy , 
the l ow y ie l ds rea l i ze d  in Runs # 4  and 5 c o u l d  no t be a t t r ib u t e d  
ent i rely  t o  low ino culum leve l s  s i nc e  a respe c t ab l e  enzyme a c t ivi ty was 
ob t aine d in th e p a ra l l e l  NB S l ab fe rmen t e r  for the se  runs ( Tab l e  1 ) . 
The y ie l d  resul t s .  ob t a ined  in t he NB S l ab f e rmen t e r  on th e 4 %  c e l l ul o se  
l eve l d o  no t i nd i c a t e  th at  the re was  a de f i c iency in  nut r ie n t s  o r  in 
essential t ra c e  e l emen t s  of  t he me d ium .  
The p rogre s s ion o f  imp roved y ields  r e c o rded i n  Tab l e  1 f o r  the 
4 %  ce l l ulose  me dium p i l o t  p lant runs was the resul t of an imp roved 
ae rat i on me thod  and an inc rease in the ra t e  of  ae ra t ion . The imp rove d 
yie ld  in Run 1/6 a t  t he 4 %  c e l lulose - leve l shows no advantage ove r the 
yiel d  ob t ained a t  the 2 %  c e ll ul ose  leve l  in Run #2 and ind e e d  the 4% 
leve l requi re d mo re t ime to  a ch ieve a c omp arab le enzyme a c t i v i t y . P i l o t  








Produc t ion dat a f o r  p i l o t  p l an t b a tch runs us i ng I · ree s e i QM9 4 1 4  in 1 9 0  1 p ro d u c t ion 
me d ia a t  d i f f e re n t  ce l l ulose l e ve l s . 
pH Con tro l  P i l o t  p l a n t  NBS P i l o t  p la n t  % Ce l lu l o s e  pa ra l l e l T i me p ro d uc t io n  p o i n t  y i e l d  y ie l d r a t e  
I U / ml I U / rn l  d ay s  I U / 1 / h 
0 .  75  3 . 0 1 . 46 - - 7 8 . 6 9 
2 . 0 3 . 0 2 . 0 8  2 . 2 1 6 1 4 . 4 4 
2 . 60 10 1 0 . 8 3 
2 . 0  3 . 5  1 . 32 1 . 76 8 6 . 8 8 
1 . 79 1 2  6 . 2 2 
4 . 0  3 . 0  0 . 9 3  2 . 6 4 10 3 . 88 
4 . 0 3 . 0  1 . 0 3  3 . 5 6 8 5 .  36 
1 . 16 10 4 . 8 3 
4 . 0 3 . 0 2 . 2 1  - - 1 1  8 . 3 7 




plant Run #2  p roduced an enzyme ac t ivi ty comparable to  tha t  ob tained by 
S ternb erg and Dorval ( 1 2 0 )  at the 2%  cellulose level . However , when 
product ion is related in t erms of IU/ 1 / h  the Sternberg and Dorval study 
showed in an enzyme p roduc tion rate of 21 . 6  IU/ 1 /h compared to a rate of 
10 . 8  IU / 1/h for this s tudy . The difference is attributed t o  the dif fer­
ence in ino culum level s employed ( 10% vs . 2 . 6% )  allowing S te rnbe rg and 
Do rval ( ib id . )  to achieve the s ame activity in 5 day s  vs . 1 0  days for 
the pilot p lant run repo rted here (Tab le 1 ) . 
Saccharif ica t ion . The saccharifying ability o f  the cellulase 
enzyme was inves t igated employing finely milled newsp aper in a 5% w/v 
solids s lurry . Laboratory shake r fl ask s ac charif ications we re performed 
us ing dilutions of a 0 . 79 IU/ml cellul ase p roduced in the NB S lab 
fermenter on 1% cellulose QM9414 product ion medium . Figure 6 shows the 
saccharif i cat ion curves for the diluted vs . undiluted enzyme . The 
und iluted enzyme shows a higher initial hy drolysis rate at the 4 h t ime 
pe riod . In 24 h however ,  all enzyme solut ions achieved a comparable 
level of hydro lysis . Thus , enzyme efficiency is  great er using diluted 
enzyme . Mandels e t  al . ( 6 6 )  found a s imilar resul t  in a s t udy comparing 
diluted enzyme so lutions on newspaper slurries . No explanation was 
of fere d  for this react ion . Dilution may lessen any enzyme-enzyme 
inhib i tion between the cel lulase complex components . Such a response 
has b een no ted in dual enzyme systems where one enzyme has a higher 
affinity for a coenzyme which is necessary for both enzymes and the ir 
concerted action on the sub s t rate ( 2 6 ) . 
The 70 : 30 d ilution , enzyme to d iluent , was use d  as a guide for 
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Figu re 6 .  Lab o ra t o ry conve rsion  o f  a 5 %  w/v newsp ape r  s l u r ry us i ng 
d i l u t i o ns o f  a 0 . 7 9 IU/ml I·  ree s e i  ce l l ul as e . D i l u t i ons  
( enzyme : O . l  M s o d i um c i t r a te b uf f e r ) we re : 9 0 : 10 ( () ) , 
80 : 20 ( • ) ,  an d 7 0 : 30 ( .& ) and und i l ut e d  c ru d e  e n zyme ( e ) .  
The sa ccha ri f i ca t ion wa s pe r f o rme d at  50 ° C ,  pH 4 . 8 and 2 5 0  
rpm . 
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f i l t e r e d  enzyme was e x t ended b y  d i l ut ion 70 : 30 and ope r a t e d  und e r  the 
cond i t i ons f o r  s a c cha r i f i c a t ion for 24  h .  The r e s ul t s  are shown in 
Tab l e  2 .  Conve rs i on of the c e l l ul o s e  p o r t i on of the news p ap e r  ob t a ined 
in the p i l o t  p l ant  was c omparab l e  to that  ob t a ine d in t h e  l ab in 2 4  h .  
Th e s li gh t ly h i gh e r  p i l o t  p l ant s a c chari f i c at i on i s  p robab l y  d ue t o  t h e  
h ighe r c e l l ul as e  ac t iv i ty o f  the e nzyme emp l oy e d  i n  the p i l o t  p l an t  
( 2 . 6  I U / ml vs . 0 . 79 I U /ml i n  t h e  lab ) and t o  t h e  red u c e d  a g i t a t i on in 
the p i l o t  p l ant  ( 40 rpm vs . 2 5 0  rpm in the l ab ) . Re d u c e d  a g i t a t ion may 
have f avored h i ghe r convers i on in the p i l o t  p l ant s in c e  s h ak ing has 
been f o und to b e  d e t r imental to sa c cha r i f i c a t i on of c e l l ul o s e  us ing T .  
ree s e i  c e l l ul as e  ( 9 4 ) . 
La c t o s e / Ce l l u l o se Induc t i on by MCG 7 7  
Th e MCG 7 7 s t rain o f  T .  ree s e i  i s  c apab l e  o f  p ro d u c i n g  c e l l ul as e  
in duced by l a c t o s e  ( 7 ,  4 1 , 6 7 ,  6 8 ) . Whey i s  a n  abundant s o u r c e  o f  
l a c t o se and a comb ined  c e l l ul ose-whey s ubs t ra t e  may have po t en t i a l  
p r o ce s s ing a t t r ib u t e s  a t t rac t ive i n  c e l l ul ase produc t i on re l a t ing t o  
the  vis cos i ty o f  the  p ro d u c t ion me d i um .  Fi gure 7 shows the  r e s u l t s  o f  
an exp e r imen t i n  whi ch d emineral i ze d  whe y  p owd e r  (Amb e r  Lab o r a t o r i e s , 
J uneau , WI ) was emp l oy e d  as a s o ur c e  o f  l ac t o s e . The whe y  p ow d e r  was 
us e d  at a l ev e l  whi ch r e s ul t e d  in a 1%  l a c t ose c on te n t . By v i r t u e  o f  
the p ro te in cont en t  o f  t he whey p owde r ,  a p ro t e in c o n c en t r a t i on o f  
app ro x ima t e l y  0 . 1 % i s  ob t ai ne d  a t  a 1 %  l a c t os e  concen t r at i on i n  the 
med ium . Thi s  i s  in agreeme n t  wi th the r ecommen d a t ion o f  Mande l s  ( 6 3 ) 
fo r the syn the t i c  medi um requiremen t s  f o r  c e l l ul as e  p ro duc tion us ing 
T .  reese i .  The whe y  p owd e r  med i um was t e s t e d  wi th  and witho u t  t h e  
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Tab l e  2 .  P i l o t  p l a n t  s a c cha ri f i c a t ion o f  f i ne l y  g r o un d  newsp ape r i n  a 
5 %  w/v s l u r ry . To t a l  volume was 2 4 3  1 c on t a i n i n g a 7 0 : 30 
enzyme t o  w a t e r d i l ut i on o f  a 2 . 6  I U / m l  c ru d e  e n z yme f i l t ra t e  
p ro d u c e d  i n  p i l o t  p l an t  Run # 2 . S a c ch a r i fi c a t i on was p e r­
f o rmed a t  pH  4 . 8  and  5 0 ° C  un d e r c ons t an t  agi t a t ion ( 4 0  rpm ) . 
S a c c h a r i f i c a t i on 
t ime 
h 
1 5  
2 4  
2 4  
2 4  
Avg . f o r  2 4  
% G l u co s e  a s  
re d u c i n g  s ug a r  
1 . 9 
2 . 2  
2 . 4 5 
2 . 3  
2 . 3 2 
% C o n ve rs i on •'t 
5 9 . 84 
6 9 . 2 9 
7 7 . 1 6 
7 2 . 4 4 
7 2 . 9 6 5  
* %  co nve r s i on i s  b a s e d  upo n  t h e  % c e l l u l o s e  o f  the  newsp a p e r--
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Figure 7 .  Ce l l ul as e  p ro d uc t io n  by I ·  ree s e i  MCG 7 7 on : (A)  1 %  c e l l u l o s e  
MCG 7 7  p rod\ 1 c t ion me d i um ; ( B )  whey powder  f o r  a 1% l a c t ose 
c o n t en t ; (C)  whey p owde r (1%  l a c t os e ) p l us sup p leme n t s ; 
( D )  whey p owde r ( 0 . 5 % lac tose ) and 0 . 5 % ce l l ul o se ; and ( E ) 
whey p owde r  ( 0 . 5 % l a c t ose) and 0 . 5 % c e l l ulose p lus supp le­
men t s . S upp l eme n t s  are the salts  and t race  e le me n t s  as in  
the MCG 7 7 p ro duc t i on medium . 
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additional salts and trace elements ( referred to  as s upplemen ts ) . The 
medium relied upon the whey p rotein of the whey powder ins tead o f  added 
p ro teose pep tone . 
The supplemented whey powder medium p roduced higher enzyme 
ac tivity /ml than the unsupplernented whey powde r medium . This would be 
expect ed if the whey powder is la cking in the balanced magnes ium and 
calcium ion conten t or is defi cient in the e s t ablished t race e lement 
req uirements for enzyme p roduc t ion (6 3 ,  6 8 ) . The supplemented whey­
powder medium produced approximately one-hal f the activi ty o f  th at 
ob tained on the s t andard cellulose p roduction medium . This  is in good 
agreement with the resul ts reported for lactose induced cellulase ( 7 , 
100 ) . The unsupplemented comb ination of 0 . 5% lactose and 0 . 5 %  cellu­
lose medium yielded the lowes t IU/ml . This could again be exp e c te d  wi th 
the lack of the required s upplements and in cons ideration of  the y ield 
ob taine d on the uns upplemented whey powder medium . Addition o f  s upple­
ments and pro t eose pep tone for a protein concent ration o f  0 . 1 % in the 
comb ine d  0 . 5% lacto se-0 . 5% cel lulose medium gave the best res ul t s  of 
the tes t media . The fac t that the above comb ination was no t equal to 
the s tandard cel lulo se med ium is due to the lower inducing capability 
o f  the lactose fract ion . Mandels et al . ( 6 6 )  found that l ac tose induced 
cel lulase had 50% less saccharifying capabi lity than cel lulase induced 
by cellulose . This  lower saccharify ing powe r does no t f avor the use of  
cel lul ase p ro duced wi th lactose as  the  sole  inducer .  
6 2  
Dime thyl Sulf oxide Expe riment 
Stati s tical . The s tatistical analysis o f  the abso rbance 
readings ( in t ripl icat e )  and the yield data ( in duplicate)  were no t 
s tatis t ical ly s ignif icant fo r the Montencourt and Eveleigh modification 
( 74 )  of the cellulase as say . For example , in the DMSO Runs //1 and 112 , 
the reducing sugar values ob tained for the 4 8 , 6 0  and 7 2  h s amp le t imes 
co rrespond close ly to  the 0 . 5  to 1 . 0 mg/ml reducing s ugar r ange . The 
analysis o f  variance o f  the absorbance readings had a P < 0 . 01 6  for 
Run Ill and a P < 0 . 019  for Run #2 . However ,  the yiel d  data ob t ained 
f rom these ass ay s  we re no t s ta t is tically s ignifi cant (P  > 0 . 05 ) . 
Fur ther d is crepancies were no ted for this method o f  as say from 
the s ta t is t i cal analysis of the data . In Run #1 , the reducing sugar 
value for the 72 h samp l e  of the 300 ppm DMSO t e s t  f l ask at the 1 : 10 
dilution was 0 . 84 mg /ml . The reducing sugar val ue o f  the 1 : 20 dilution 
was 0 . 5 3 mg/ml . The p robability f ac tor  for the absorbance readings at 
the 1 : 10 dilution was < 0 . 0162  and fo r the 1 : 20 d ilut ion was < 0 . 0076 . 
The yield val ue obtained was 1 . 56 IU/ml at the 1 : 10 dilut ion and 1 . 9 5 
IU/ml at the 1 : 20 dilution for an average of  1 . 755  IU/ml . The individ­
ual act ivi ty of the d ilutions d iffer f rom the i r  average by 11 . 1% and 
the yield data for Run #1 at 7 2  h were no t s tatis tically s ignif icant . 
Enzyme activi t ies in the literature have been repo r ted as the 
mean val ue s  o f  t ripl icates ( 10 6 ) or o ther mul tiples ( 1 7 )  for a mean 
value to rep resent activi ty . Canevas cini and Gat t len ( 1 7 )  in their  
evaluation of the  f i l ter  p aper assay us ing di luted enzyme rep o rted a 
variance , in that , "cons tant values were never reached ,  b u t  t o  a good 
app roximation , the ac t ual ac tivity could be reasonab ly well  deduced f rom 
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that (activity ] ob t ained with the mos t  d iluted enzyme s ample [1 : 30 ] . "  
The s ele ct ion o f  the 0 . 5 t o  1 . 0  mg/ml reducing sugar r ange by Montencourt 
and Eveleigh is s imilar to the 2 . 0  mg /ml ass ay point  used by Mandels  e t  
al . (64 ) . The latter m ain t ains that the 2 . 0  mg/ml ass ay p o int  i s  
bes t because i t  refle c t s  the complete cellulase comp lex more accurately . 
Thi s  is  the conve rse of  the f indings of Canevascini and Ga t t len ( 1 7 )  
p reviously cited above . This can be expected when attemp t ing to  rep re­
s ent  an enzyme comp lex in terms of one uni t  of measurement . 
Thus the assay method of  Montencourt and Eveleigh ( 74 )  can be 
used to measure the cel lulase activi ty to a good app roxima t ion . The 
res ul ting IU/ml are slightly higher than those ob tained using the me thod 
of Mandels et a l . ( 74 ) . S t rict interpre tation o f  the reducing s ugar 
range p roposed by Montencourt and Eveleigh does not exhib i t  
confidence i n  the method according t o  the analysis  o f  variance p roce­
dure . Consequent ly , this study used the average of the y ield values 
ob tained when bo th dilutions fell wi thin the 0 . 5  to  1 . 0  mg /ml reducing 
s ugar range . Thus the values for the IU/ml are the result o f  the mean 
value of the yields in t riplicate and , where averaged , the mean value 
of six (6 ) yield values . 
Runs . The t imes for s ampl ing in the DMSO experiment were deter-
mined f rom p revious t rial runs . These t rial runs showed a change in 
activi ty and pH at app roximately the 72 h period . The ref o re samp l ing 
was increas ed to once every 2 h f rom 7 2  h to 80 h inclusive in an 
attemp t to illus trate a more int imate view of enzyme f o rmat ion dur ing 
this period . 
6 4  
Three runs  were  p e r f o rmed c ompar ing the pH  p ro f i l e s  and enzyme 
act ivi ty o f  a c on t rol f l ask  w i t hout  DHS O  and t e s t  f l asks a t  50 , 100 , 
2 00 , 300 and 400 ppm DMSO . The comp o s i t e  enzyme a c t ivi t i e s  and pH 
p r o f iles  f o r  DMSO Run Il l ,  tJ 2 and iJ 3 are shown i n  Figs . 8 and 9 ,  1 5  and 
16 , 2 2 and 2 3  respe c t i v e l y . Separa t e  compari son o f  e a c h  DMSO t e s t  f l ask  
to  the cont rol f l ask i l l us t ra t ing the enzyme ac t iv i t y  p ro f i l e  and p H  
p r o f i l e  a r e  shown in Figs . 1 0  t o  1 4  inc lus ive ( Run U l ) , Fi gs . 1 7  t o  2 1  
in c l u s i v e  ( Run # 2 )  and Figs . 2 4  t o  2 8  inc lus ive ( Run fi 3 ) . 
Cons i s t en c i e s  are ap paren t in the  pH p ro f i le s  and t h e  en zyme 
ac t iv i t y  p ro f i l e s  f o r  all  three  runs . Firs t , the pH p r o f i l e f o r  al l 
f l asks cons is t en t ly unde rgoes  a level ing o f f  or  s l igh t  d ro p  a t  o r  
aro und the  7 2  h s amp l ing . Th is appe ars  t o  c o inc i d e  w i t h  t h e  inc reas e d  
enzyme a c t ivi ty around this  t ime peri o d . Thi s  phe nomenon w a s  app a ren t 
in the con t ro l  and t e s t  f l asks . The pH rise was no t d i re c t ly r e l a t e d  
t o  enz yme a c t i v i t y . The e f f e c t  o f  the DMSO on the pH  p rof i le was  (wi t h  
f ew excep t ions )  a n  inc re as e  i n  the ra t e  o f  ammoni um i on r e l eas e ( 1 1 8 )  
and thus a n  advanced p H  p ro f i l e  wh en c ompared t o  the  c on t ro l . Thi s  
phenomenon c an b e  compared  t o  the in c reased rate  o f  e f f l ux e f f e c t e d  b y  
DMS O on re s t ing c e l l s  o f  yeas t ( 2 3 ) . The DMSO may a f f e c t  t h e  1 · rees e i  
memb r ane i n  a s imil a r  manne r  and a t  a simil a r  phase  i n  the l i f e  o f  th i s  
o rgan ism the reby f a c i l i t a t ing e f f l ux o f  ammon i um i o n  r e s u l t ing in the 
advanced  p H  p ro f i l e . This  e f f e c t  can be ob s e rved wi t h  the l owe s t l evel  
o f DMSO add i t io n ( 5 0  ppm)  b u t  was  mo re cons i s tent  a t
 t h e  100  ppm leve l .  
Tile o th e r  cons i s t ent  cha ra c te r i s ti c  i s  the
 f l uc t ua t i on i n  t h e  
enzyme a c t ivi ty wh i ch oc curs  f rom 7 2  h on in t h
e  fe rmen t a t i o n . Al l 
runs disp l aye d a b ipha s i c  enzyme inc rease an
d decreas e . A s imi l a r  
observat ion was made by Shirko t e t  al . ( 106 ) . In thei r s t udy they 
no ted that a dramatic decrease in the 8-glucosidase ac tivi ty o ccurred 
between 8 and 12 day s  of  the fermentation . They sugges ted tha t this 
effect was somehow related to the dithio carb amates employed in this  
s tudy and could be exp loited to resul t in  an enzyme comp lex favo ring 
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the Avicel ase ( crystalline ac t ivity ) and the CMCase ( amorphous activity ) .  
In the p resent work , overall enzyme ac t ivity was dete rmined by 
using the filter paper assay . No differentiation of the cel lulase 
comp lex was at temp ted . Nonetheless , the 8-glucos idase component is  
known to cont ribute grea t ly to the overall saccharify ing abi li t y  of  
the I· reese i cel lulase comp lex (119 ) . This  component is an integral 
p art of the cel lulase  complex and the extent to  which it is  p resent 
would influence the total ac tivity as measured by the f il te r  pap e r  
assay . Thus , i n  cons iderat ion of  the effe c t  noted i n  the work of  
Shirkot et al . ( 106 ) , it appears that the fluctuat ions no ted in  the 
present wo rk are due to the 8-glucosidase component . This  is further 
supported by the appe arance of this component in the ferment at ion as 
characte ri zed by S te rnberg (118) . However ,  the p resent s t udy shows 
the activity f luctua tions are a natural occurrence s ince they are 
observed in the contro l flasks as wel l  as the DMSO tes t flasks . It is 
pos s ible that the 8 -g lucos idase is in a bound form and subsequently 
releas ing during this portion of the fermentation . The abi l i ty to 
ob tain a p referentially Avicelase- CMCase complex , as suggested by 
Shirko t e t  al . ( ib id . ) ,  is no t l ikely . Thi s  is probably a na tura l evo lu­
tion or ma turati on of the en zyme comp lex in  the medium in the presence 
of res idual cellulose and related polymeric forms . The pH p ro f i le 
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throughout  the lat t e r  phase o f  enzyme p roduct ion a l s o  f avo r s  t h e  enzyme­
s ub s t ra t e  reac t ion as  the pH app roaches the op t imum f o r  the enz yme ( pH 
4 . 8 ) .  Ac t i on on the res i dua l  c e l l ulose  would n a t u ra l ly re s u l t  in 
p roduc t s  ( ce l lo ol i g ome rs and c e l l ob i o s e ) wh i ch would a l l ow the b inding 
o f  the S -g lucos i d a s e  comp onent and expl a in the ac t i vi ty  ph a s ing ob s e rve d .  
The DMSO a f f e c te d  the amoun t  o f  6 . 5  N ammonium hyd r oxi de  re­
q u i red t o  maint ain t h e  pH b e twe en the cont r o l  p o int s of  p H  3 . 0  to  3 . 5  
duri ng the acid  phase o f  the fe rmen t a t ion . Tab l e  3 shows the t o t a l  
ammonium hyd roxide added  f o r  e a ch f l a sk . The c ont r o l  cons i s t e n t ly 
req u i r e d  1 . 0  ml whi le the DMSO t e s t  f l asks gene ral ly req ui red  1 . 05 t o  
1 . 15 ml .  Quali t a t ive l y , the DMS O  f l asks be gan f o ami n g  ea r l i e r  i n  the 
f e rment a t i on requi r ing add i t i on o f  the ant i f o am .  The DMSO f l asks a l s o  
re s ul t e d  in  a darke r ambe r f l u i d  th an t h e  co n t ro l  f l ask . 
Run # 1  ( Figs . 8 t o  1 4 ) shows a s ub s tant i a l d i f f e re n c e  b e tween 
the con t rol  and DMS O  f l a sks in both  the  enzyme ac t iv i t y  p r o f i l e  and t h e  
pH p ro f i l e . T h e  s ub due d pH  rise  f o r  t h e  c ont rol  fl ask i n  t h i s r un 
( Fi g . 9 )  indi c a t e s  a p os s ib le oxygen d e f i ciency . S imi l a ri t i e s  i n  pH  
p rofi l e s  can be  no t e d  b e twee n  the 4 %  ce l l ul ose p i l o t  p l an t  run  ( Fi g . 5 ) 
and DMSO Run #1  i n  the c on t ro l  f l ask . No res t ri c t i on o f  any o f  the 
f lasks ' c o t t o n  p l ug s  was no t i ced during the cour s e  of s amp ling for th i s  
r un . Howeve r ,  a s imi l ar p H  c u rve d i d  res ul t i n  Run # 2  ( F i g . 1 6 ) wh i ch 
was due t o  a my c e l i a l  p lug o r  s e al f o rming around the c o t ton p l ug o f  
the 300 ppm DMSO f l ask . In  this  c a s e  the p l ug w a s  obvio us a n d  was 
rep l ace d when n o t i ce d  at the 36 h pH  s amp ling t ime . No s imil a r  c ondi­
t ion was obse rved f or the cont rol  fl ask o f  Run # 1 . 
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Tab le 3 .  Ammonium hy d roxi d e  req ui r e d  pe r f l ask / run f o r  pH  c o n t r o l  t o  
b e tween  p H  3 . 0- 3 . 5  f o r  the DHS O e xp e r imen t .  
To t a l  vo l ume of 6 . 5  N NH4 0H (m1 ) 
F l a sk 
Run If 1 Run 11 2 Run If 3 
Con t ro l  1 . 0 1 . 0 1 . 0 
5 0  p pm 1 . 1 5 1 . 0 1 . 1  
1 0 0  ppm 1 . 1 5 1 . 0 1 . 1  
2 0 0  ppm 1 . 1 5 1 . 1  1 . 0 5 
300 ppm 1 . 1  0 .  9 �·- 1 . 1  
4 0 0  ppm 1 . 1 5 1 . 1  1 . 1  
* Inhib i t i on d ue t o  oxy ge n de f i c i en c y . 
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Figure 8 .  Comp o s i t e  o f  a c t i v i t y  ( IU /ml ) vs . t ime f o r  Run #1  o f  the 
DHSO t e s t  addi t ions and the con t rol wi t h o u t  DHS O .  Con t ro l  
-- ; 5 0  ppm DHSO - - - ; . 1 00 ppm D11 S O  - - ;  2 00 ppm DHS O  · · · · · 
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Figure 9 .  Comp o s i t e  o f  pH  vs . t ime f o r  Run U l  o f  the DMS O  t e s t  addi­
t i o ns and  the  con t ro l wi thout DMS O . Cont rol ---- ; 5 0  ppm 
DMSO - - - ; 1 0 0  ppm DMSO - -; 200  ppm DMSO  • • • • • ; 300 ppm 
DMS O - • - ; and 400 ppm DMSO - • - .  t ind i c a t e s  f inal p H  
a dj us tment with 6 . 5  N NH40H . 
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Figure 10 . Run # 1 . Comp arison of  p H  and IU / ml v s . t ime o f  the 50 p pm 
DHS O  te s t  f l ask t o  the cont rol  wi thout DMS O . Con t ro l ,  pH 
- 0 - ,  and I U /ml-e- ; 5 0  ppm DHS O  t e s t  f l a s k , p H  - � - , 
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Fi gure 1 1 . Run U l . Comp arison o f  p H  and IU /ml vs . t ime o f  the  100  ppm 
DMS O t e s t  f lask t o  the c ont rol wi thout DNS O . Con t ro l , pH 
- Q - , and IU/ml -e- ;  1 00 ppm DHS O  t e s t f l as k , pH - A - , 
an d I U / ml _...__ . 
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Figure 12 . Run U l . Compa r i son o f  p H  and IU /ml vs . t ime o f  t h e  2 0 0  ppm 
DMS O  t e s t  f l ask to  the c on t rol wi t h o u t  DMS O . Con t ro l , p H  
- O - ,  a n d  I U / ml -e-- ; 200 ppm DMSO t e s t  f l ask , pH - � - , 
and IU  /rnl --A- . 
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Figure 1 3 . Run Il l . Comparison of pH and I U / rnl vs . t ime o f  t h e  300 ppm 
DMSO t e s t  f l ask to the con t rol wi t h o u t  DMS O .  Con t ro l , p H  
- 0 - ,  a n d  I U / ml --e- ; 300  p p m  DHS O t e s t f l a s k , p H  - 6 - ,  
and IU / ml __._ . 
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Figure 1 4 . Run # 1 .  Comp ar i son o f  p H  and IU /ml vs . t ime o f  t h e  4 00 ppm 
DNSO t e s t f la sk t o  the con t rol  wi thout DMS O . Con t ro l , pH 
- O - , an d I U / ml --- ; 400 ppm DHSO t e s t  f l as k , p H - 6 - , 
and I U /ml _.__ . 
When considered col lec t ively , the runs do no t show a 
clear- cut advantage in yield for  the DMS O add it ions . In Run # 1 , 
Figs . 8 ,  and 10 to  14 inclusive , all of the DMSO test f lasks sub s tan­
tially exceeded the ac tivi ty at tained by the cont rol flask . The DMSO 
addi tions showed an increase in final enzyme act ivity ove r the cont rol 
ranging f rom a low o f  1 7 . 6 % at the 300 ppm level to 3 2 . 8% and 32 . 1% at 
the 100 and 400 ppm levels re spectively . The 300 ppm level gave an 
increase of 2 5 . 2 %  at the 90 h sampling and was in a decl ining phas e at 
the f inal 96 h samp ling ( Figs . 8 and 13) . Thus the lowe r value in the 
f inal s amp le . Despite  the indication of an anomaly by the pH p ro f ile 
of  the cont rol flask , the enzyme yie ld f rom the control was in good 
agreement with othe r values ob t ained on 1% cel lulos e  us ing MCG7 7 .  As 
p revious ly mentioned , the pH p rof ile indi cated a possible oxygen defi­
c iency although no thing was observed whi ch could conf i rm thi s during 
the run . 
Run #2 , Figs . 15 , and 1 7  to 21  inclusive , showed the leas t 
difference be tween the control and the DMSO tes t flasks in relation to 
enzyme act ivity . Only the 400 ppm DMSO addit ion gave an increase in 
enzyme act ivity at the f inal 9 6  h sampling . The enzyme a c t ivi ty f rom 
the 400 ppm tes t flask was 7 . 6 % higher than the cont rol . The 300 ppm 
DMSO tes t flask was de finitely dep rived of oxygen during the early 
phas e o f  incubation by a mycelial seal forming on the cot ton p lug . 
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When Run U2  is obs erve d at the 90 h samp ling p oint , the DMSO test  f lasks 
show a gain in enzyme ac t ivity over that of the cont rol . The 90  h 
samp les show an inc reased enzyme ac tivity of 9 . 3% for the 200 ppm DMSO 
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Figure 15 . Comp o s i t e o f  ac t i vi t y  ( IU / ml )  vs . t ime f o r  Run 0 2  o f  the 
DMS O te s t  add i t i ons and . the c on t ro l  without DMS O . Cont rol 
-- ; 50  p pm DMS O  - - - ;  100 ppm DMS O  - -; 200 ppm DNS O  
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Figure 16 . Comp o s i t e  of p H  v s . t ime for  Run # 2  of the  DMS O  t e s t a d d i­
t i ons and the cont rol wi thou t DMS O .  Con t ro l  - ; 5 0  ppm 
DMS O  - - - ;  100 ppm DHS O - -; 200 ppm DMS O  • • • • • ; 300 p pm 
Dl1S O - • - ; and 400 p pm DHS O - · - . + ind i ca t e s  f i na l  p H  
adj us tme n t  wi th 6 . 5  N NH40H f o r  DMSO ad d i t ions 200 , 300 and 
400 p pm , and • for con t ro l , 5 0  ppm an d 100 p pm .  
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F igure 1 7 .  Run fl 2 . Comp a ri son o f  pH and I U / ml vs . t ime o f  the 5 0  ppm 
Dl1S O  te s t  f la sk to the  c on t rol wi t h o u t  DHSO . Con t ro l , pH 
- 0 - , and I U /ml -.-- ; 50 ppm DMSO t e s t  f l a s k , p H  - � - , 
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Figu re 1 8 . Run # 2 . Comp ar i s on o f  p H  an d I U/ml vs . t ime o f  t h e  100 ppm 
DMS O t e s t  f l ask to the cont rol wi tho u t  DHSO . Con t rol , pH 
- 0 - , and IU/ml --e- ;  100 ppm DHSO t e s t  f l ask , pH - A - , 
and IU/ml __.,_ . 
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Figure 1 9 . Run # 2 . Comp a r i s on of pH  and I D / ml vs . t ime o f  t h e  200 ppm 
DNSO t e s t  f l ask to the cont rol w i t hout DMS O . Con t rol \ pH 
- O - , and I D / ml --- ; 200 ppm D11SO t e s t  f lask , pH  - .6. - , 
and I D/ml --6-- . 
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Figu re 20 . Run 11 2 .  Comp a r i son o f  p H  and I U / rnl  vs . t ime o f  t h e  30 0 ppm 
DMSO t e s t  f l ask t o  the con t ro l  w i th o u t  DMS O . Con t ro l , pH 
- 0 - , an d IU / ml ----- ; 300 ppm DHSO t e s t  f l ask , p H  - A - , 
and IU / ml _._ . 
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Figu re 2 1 . Run # 2 . Comp ar i s on o f  p H  and IU/ml vs . t ime o f  the 400  ppm 
DHS O  t e s t  f l as k  to the con t ro l  wi tho u t  DHS O . Con t rol , p l l  
- 0 - , and I U / ml -e- ;  4 00 ppm DHS O  t es t  f l ask , pH  - 6. - , 
and IU /ml -6- . 
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dep rived 300 ppm DMSO addition approxima tely equaled the cont rol flask , 
although no advan tage can be seen at the 5 0  and 100 ppm leve l . I t  mus t 
be no ted that the act ivi ty obtained in the cont rol flask f o r  Run 11 2  was 
much highe r than tha t ob tained in Runs Il l and 113 , or in the earlier 
trial runs , and the o the r tests  (see Fig . 7--1% cel lulose cont rol) . It  
is no t known why this  result occurred for  the contro l f lask in Run # 2 . 
In Run #3 , Figs . 22 , and 24 t o  2 8  inc lusive , all DMSO f lasks 
showed an improved enzyme yield over the control f lask . The cont rol 
f lask yielded enzyme very close in activity to that ob tained in the 
cont rol fo r Run # 1 .  The inc rease in enzyme act ivity o f  the DMS O  addi­
tions ove r the control  ranged f rom 10 . 9% at 200 ppm t o  26 . 9 % at 300 ppm . 
Unl ike Runs # 1  and 2 where the activity phas ing is s omewha t synchronous 
at  9 0-96 h ,  the e nzyme a c t iv i t i e s  of the 300 and 400 ppm DMSO f l asks 
are  out o f  p h a s e  w i t h  the othe r f lasks (Fig . 2 2 ) . 
The fact that the pH pro file is  not necessarily a d irect ind i­
cator of  enzyme act ivity is apparent in this run (Fig . 2 3 ) . The 200 
and 400 ppm DMSO pH p rofiles are retarded in relat ion to the cont rol 
but both DMSO tes ts yielded higher final enzyme activ i t ie s . The p re­
viously mentioned dramatic increase in enzyme activity around the 7 2  h 
period is emphas ized in this run at the 300 and 400 ppm DMSO addi tions . 
Figs . 22 , 2 7 and 2 8  show this increase which is grea te r than 2 . 9  IU/ml 
fo r the 300 ppm DMSO level . 
An overall ave rage o f  the enzyme y ields for al l three runs 
shows an increase over the contro l  wi thout DMSO o f  14 . 2% at 50 ppm , 
14 . 4% a t  100 ppm , 1 1 . 9 % a t  200 ppm , 11 . 0% at 300 ppm (value includes 
oxygen def icient y ield in Run 11 2 )  and 19 . 4 % at 400 ppm DMSO . These 
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Fi gure 2 2 . Comp os i t e o f  a c t iv i ty ( IU /ml ) vs . t ime f o r  Run # 3  o f  the  
DMSO t e s t add i t i ons and t h e  cont rol  wi thout D}lS O .  Con t ro l  
-- ; 5 0  ppm DMS O - - - ; 100 ppm DMSO - -; 2 0 0  ppm DMS O  
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Figure 2 3 . Comp os i t e  o f  pH vs . t ime for  Run # 3  o f  t h e  DMS O t es t  ad di­
t ions a nd the c ont ro l wi th out DMSO . Con t ro l -- ; 50 ppm 
DMSO - - - ; 1 0 0  ppm DMSO - -; 200 ppm DMSO • • • • ; 300 ppm 
DMSO - · - ; and 400 ppm _ DHSO - · -. t indi ca t e s  f inal pH 
a dj u s tment w i t h  6 . 5 N NH4 0H . 
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Figu re 2 4 . Run # 3 . Comp a r i son of pH and I U/ml vs . t ime o f  the 50 ppm 
DMS O  t e s t  f l ask to t he cont rol wi thout DMS O . Con t rol , p H  
- 0 - ,  a n d  IU /ml -e-- ; 5 0  ppm DHSO t e s t f l as k � pH  - l::t. - , 
and IU/ml  __..,_ . 
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Fi gure 2 5 . Run # 3 .  Comp a r i s on o f  pH and I U / ml vs . t ime o f  the  1 00 p p m  
DMS O  t e s t f l ask to the con t ro l  w i t h o u t  DMS O . Cont rol , pH 
- 0 - , and IU /ml --e-- ; 100 p p m  DMS O  t e s t  f l a s k , p H  - � - , 
and IU/ml -A- . 
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Figure 2 6 . Run # 3 . Comp a r i s on o f  pH and IU /ml vs . t ime o f  t h e  200 ppm 
DMSO t e s t f l ask to the cont ro l wi t ho u t  DHS O . Con t ro l , pH 
- 0 - ,  and I U / ml � ;  200 ppm DI1 S O  t e s t  f l ask , p H  - A - , 
an d I U / ml __.__ . 
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Fi gure 2 7 .  Run # 3 . Comp a ri s on o f  p H  and I U /ml vs . t ime o f  the  300 ppm 
DMSO t e s t  f lask t o  the con t ro l  wi t h o u t  Dl-1S O . C o n t rol , pH 
- 0 - , and IU/ml ..._ ; 300 ppm DMS O  t e s t  f l a s k , pH  - b. - ,  
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F i gu re 2 8 .  Run # 3 . Comp ar i s on o f  p H  and I U / ml vs . t ime o f the  400 ppm 
DMSO t e s t f l ask to the c on t ro l  wi t h o u t  DHSO . Cont rol . p H  
- 0 - ,  an d IU / ml --- ; 4 00 ppm DHS O  t e s t  f l a sk , p H  - A - , 
and IU/ml -A- . 
values gene ral ly i nd i ca t e  that the 400 ppm l evel wo uld  be the bes t 
addi t ion l e ve l . Howeve r ,  on the b as i s  of the individua l  tes t comp a r i ­
sons to the cont ro l , a l e ve l  above or e q u a l  to the 1 00 ppm DMS O l eve l 
wou l d  be  a d e q ua t e . 
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Since  th i s  s t udy was p e rf o rme d in shak e r  f l asks , i t  p rovi d e s  a 
gene r a l ind i c a t o r  o f  the e f fe c t  of DMS O  on c e l lulas e  p ro d u c t ion . The 
shake r f l ask s t udy i s  l i mi t e d  in the ab i l i ty t o  maint a i n  i d en t i c al  
cond i t i ons i n  a l l  f l asks . The us e o f  a l aborat o ry f e rrne n t e r  wh e re 
exa c t  a e ra t i on r a t e s , a gi t a t i o n , pH  and t emp e r a t ure con t ro l  c an b e  made 
may f u r the r e l uc i da t e the e f f e c t s  and op t ima l a dd i t ion of DMSO for the 
c e l lulase  p ro d u c e r  T r i cho de rma reesei MCG 7 7 . 
CONCLUSIONS 
Pi lot  p l ant p roduc tion of a crude cellulase enzyme was shown 
to be feas ible us ing Trichoderma ree sei QM9 414 in a rudimentary batch 
produc tion sys t em .  Suc cess ful produc tion was achieved , however ,  the 
yields were dependent upon the size of the inoculum and the fermen ter 
des ign . Higher levels of subs trate induced higher en zyme ac t ivities 
but over longer pe riods of time . This was apparent in this s tudy and 
in the s tudy of S ternberg and Dorval ( 1 2 0 ) . 
9 2  
Inoculum leve ls of not less than 10% v/v would imp rove enzyme 
produc tion time . A be t ter fermenter des ign would also f avorab ly affect  
yields . A fermenter of sui table dimensions (height to diame ter ra tio 
o f  1) was acquired late in this work on the bas is o f  the da ta  p resented 
here but was no t imp lemented as a part of this study . 
The enzyme p roduced in the pilot plant runs demons trated 
excel lent s accharifying power . The ability to dilute the enzyme is 
significant in terms of cos ts and effic iency . Thus , the enzyme should 
be tes ted for i t s  op timum dilut ion ra tio before pilot p lant saccharifi-
cation . 
The me thod o f  Montencourt and Eve le igh ( 74 )  for measuring the 
cel lulase comp lex was suitab le for app roximating the ac t ivi ty of the 
crude enzyme . Howeve r ,  measuring the cel lulase comp lex c ont inue s to 
be a prob lem . A s imple me thod app li cable to conveniently assaying a 
large number of samp l e s  is required . Until such a me thod evo lves , 
researchers will con t inue to p resent data derived f rom the v�r ious 
me thods available making comparisons diffi cult . 
9 3  
The addit ion of DMSO to the basi c ce llulose medium did no t 
effect  a clear response us ing � · ree sei MCG 7 7 . This may be due in par t 
to the lack o f  control of  envi ronmen tal factors , in par t i cular oxygen 
supp ly , as a result of  a shake r flask s tudy . Overal l ,  DMSO app ears to 
p romo te an advanced pH profile . This was observed in almo s t  all cases . 
However , pH can no t be directly related to  enzyme ac t ivity . The ef fec t 
of  DMSO on the pH  can be regarded as favorable to the cul tural condi­
tions for  enzyme p roduction . 
The enzyme activi ty of the DMSO test  f lask s ref le c t  an overall 
increase comp ared to the contr ol . However , the value s for the ind i­
vidual runs f luc tuated , showing no real op timal add i t ion leve l . I n  
this respe ct , fur ther investiga tions us ing parallel cul ture s i n  New 
Brunswi ck S cientific MicroFerment ers would be useful . This apparatus 
would allow s t rict control of  the paramete rs in doub t here and op t imize 
the o ther cul tur al conditions as we ll . 
9 4  
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